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ABSTRACT

LATE HOLOCENE OXYGEN ISOTOPE RECORD OF HYDROCLIMATE VARIABILITY
IN NICARAGUA FROM LAKE ASOSOSCA

Stephen Perdziola, M.S.
Department of Geology and Environmental Geosciences
Northern Illinois University, 2018
Nathan Stansell, Director

Investigation of hydroclimate requires a higher level of spatial and temporal detail than
what currently exists for Central America. High resolution lake sediment archives are critical to
gaining a more complete understanding of late Holocene climate variability in the region. The
climate of Central America is influenced by both tropical Atlantic and Pacific Ocean-atmosphere
processes. A better understanding of how these processes have impacted regional hydroclimate is
important as it will enable more accurate predictions of future climate changes associated with
shifting conditions in a drought sensitive region.

Here a 1,000-year carbonate oxygen isotope record is presented from Lake Asososca,
located in western Nicaragua. In this record, high δ18O values indicate drier conditions, while
lower δ18O values indicate drier conditions. My data indicate wet conditions at the start of the
Medieval Climate Anomaly (MCA) and a trend towards drier conditions until A.D. 1200. The
transitional period between the MCA and the Little Ice Age (LIA) from A.D. 1200 - 1400
experienced a shift towards wetter conditions. The LIA from A.D. 1400 – 1850 was a period of
variable conditions. My record indicates a shift from wet to dry conditions from A.D. 1400 1600. A pronounced period of wetter conditions occurred from A.D. 1650-1700 during the

Maunder Minimum solar event. From A.D 1700 – 1800 the record indicates variable conditions
that alternated between shifts towards dry and wet. After the LIA, the record indicates a trend
towards drier conditions. The El Niño Southern Oscillation (ENSO), the North American
Oscillation (NAO), and the Atlantic Multidecadal Oscillation (AMO), were often temporally
correlated with the Lake Asososca record and suggest that these modes have impacted regional
hydroclimate over the late Holocene. Correspondence between the Lake Asososca record and
solar variability highlight a potential linkage. Climate models indicate that the Atlantic
Meridional Overturning Circulation responds to changes in solar variability and can have
impacts on Atlantic SSTs, and therefore may be provide a mechanism to amplify changes in
solar variability to Central American hydroclimate.
Comparison of the Lake Asososca δ18O record to regional hydroclimate proxies across
show little correspondence over the past millennium. While some similarities exist between the
Lake Asososca record and other regional proxies, the lack of a coherent hydroclimate signal over
the late Holocene suggests temporally and spatially variability hydroclimate shifts. More
hydroclimate reconstructions and modelling studies need to be performed in order to fully
resolve hydroclimate variability in Central America over the past millennium. This record adds
to the network of regional paleoclimate reconstructions in Central America and indicates that
modes of variability in both the Atlantic and Pacific Ocean basins have impacted regional
hydroclimate over the past millennium.
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INTRODUCTION
Recent prolonged drought in Central America has devastated many local regions. Over
3.5 million people in the dry corridor of Central America are in need of humanitarian assistance
due to drought, with 1.6 million people not having a secure food source (FAO, 2016). Central
American is projected to receive less precipitation due to the increase of very dry seasons in the
next century (Fuentes-Franco et al., 2015; Solé et al., 2010). As alterations in climate continue to
impact water resources, identifying and understanding potential drivers is crucial (IPCC, 2013).
Climate reconstructions that extend beyond the instrumental period are necessary for increasing
our understanding of hydroclimate variability and will allow for more accurate forecasts of
potential climate shifts. Despite Nicaragua being a drought prone country, only limited
hydroclimate reconstructions exist for this region (Avnery, Dull, & Keitt, 2011; Slate, Johnson,
& Moore, 2013; Stansell, Steinman, Abbott, Rubinov, & Roman-Lacayo, 2013; Urquhart, 2009).
Internal dynamics between ocean and atmosphere form modes of ocean-atmospheric
variability. Modes of ocean-atmosphere variability are characterized by intrinsic variability and
are known to influence climate. These air-sea interactions can also respond to external forcings.
Multiple modes of ocean-atmosphere variability, such as ENSO, NAO, and AMO are known to
impact the hydroclimate of Central America (Covey and Hastenrath 1978; Giannini, Cane, and
Kushnir 2001). Although ENSO is currently one of the leading modulators of modern day
interannual precipitation dynamics, the primary driver of hydroclimate variability in the region
has varied through time (Giannini et al. 2001; Metcalfe, Barron, and Davies 2015). Interannual
precipitation variability due to shifts in ENSO cannot explain larger decadal to centennial scale
hydroclimate shifts. Therefore, a greater understanding of the timing, climatic forcings, and
patterns of past hydroclimate variability on larger timescales in Central America is crucial.
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Past records of Central American hydroclimate that span the Holocene indicate that
longer-term precipitation changes have been caused by broad-scale shifts in insolation (Haug et
al., 2001; Hodell et al., 2005). These insolation shifts resulted in migrations of the Intertropical
Convergence Zone (ITCZ), a low-pressure band that forms due to the convergence of the
Northern and Southern Hemispheric winds. Shifts in the ITCZ have been invoked to explain
millennial scale changes in hydroclimate in Central America (Haug et al., 2001; Hodell et al.,
2005). These insolation changes were caused by orbital forcing, specifically precession, (Mueller
et al., 2009). Superimposed on these millennial scale hydroclimate trends are shorter, decadal to
centennial scale modes of variability. Solar variability, changes in the output of solar radiation
from the sun, has also previously been invoked as a modulator of hydroclimate variability. Thus,
over the last millennium, solar variability and synoptic scale ocean-atmosphere dynamics are the
most likely influencers of hydroclimate variability in Central America.
Previous studies have shown that paleoclimate reconstructions from lake sediments can
be used to investigate changes in precipitation dynamics (Hodell et al., 2005; Leng & Marshall,
2004). Closed basin lakes in the tropics, such as Lake Asososca, have their lake hydrology massbalance respond to changes in the balance between precipitation and evaporation. Endogenic
carbonates precipitated in the water column record changes in the isotopic composition of these
lakes, which can indicate changes in regional hydroclimate through time (Leng & Marshall,
2004).
Here we present a ~1,000-year record of hydroclimate variability in Northwestern
Nicaragua from Lake Asososca that documents the past changes in regional hydroclimate. We
compared this record to regional proxy data to increase our understanding of the spatial
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variability of hydroclimate shifts. This record was also compared to reconstructions of modes of
ocean-atmosphere variability to investigate how shifts in their mean states impact Central
American hydroclimate. By reconstructing precipitation changes in Nicaragua over the late
Holocene at a decadal resolution, we help to extend the network of paleoclimate reconstructions
in the region and can continue to assess the timing, magnitude, and factors driving hydroclimatic
changes.

BACKGROUND
Study Site
Lake Asososca (12.434˚N, 86.663˚W, 92 m above sea level) is a volcanic crater lake
(Figure 1) located in the La Paz Centro municipality, León Department, in Western Nicaragua.
The lake is part of the Asososca Lagoon Natural Reserve, one of 78 areas in Nicaragua protected
by the Ministry of the Environment and Natural Resources and located south east of Cerro
Asososca, the volcano the lake is named after. It is a closed-basin lake with no clear inflows or
outflows and is primarily fed by precipitation. It has a surface area of approximately 0.82 km2.
The deepest part of the lake was measured at 35.5m via sonar and located in the northern section.
Lake Asososca is located inside of a type of volcanic crater known as a maar. Maars form
when rising magma comes into contact with shallow groundwater, creating a phreatomagmatic
eruption that causes a crater to be cut into the ground and surrounded by a tuff ring of ejected
volcanic material. These craters can intersect the water table, causing it to be filled with
groundwater to form an intra-crater lake (Lorenz, 2003). Maar crater lakes typically have low
wave energy and large water depths, leading to stable lacustrine sedimentation that is ideal for
paleoclimate studies (White & Ross, 2011). Maar lakes have been previously studied and shown
to produce viable paleoclimate reconstructions (Chu et al., 2005; Zolitschka, Brauer, Negendank,
Stockhausen, & Lang, 2000).
Lake Asososca is one of many maars along the La Paz Centro – Malpaisillo lineament, a
20 km long segment that cuts across the active volcanic front in west-central Nicaragua, the
Marabios Range (Geilert, Freundt, Worner, & Kutterolf, 2012). The Marabios Range is part of
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the larger Central American Volcanic Arc. The maars and volcanoes that lie along this range are
estimated to be less than 30 kyr old (Geilert et al., 2012).

Figure 1: Aerial image of Lake Asososca and inset map showing geographic region, shown in
red box.
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Previous studies focusing on the geochemistry relating to volcanoes provides knowledge
related to the geomorphology and geology surrounding Lake Asososca (Badilla et al., 2001;
Geilert et al., 2012). Depressions at the northern rim of Lake Asososca have previously been
attributed to a collapse scarp, potentially related to a North-North Western striking fault below
Lake Asososca or volcanic explosions (Badilla et al., 2001; Geilert et al., 2012). The bedrock is
composed of the late-Pleistocene Malpaisillo Formation. This formation is a series of poorly
rhyodacitic ignimbrites and pumice lapilli fallouts. Phenocrysts from this formation are typically
composed of plagioclase, clinopyroxene, and olivine. The tuff ring surrounding Lake Asososca is
composed of moderately vesicular juvenile lapilli and bombs of andesitic composition. This tuff
ring has slopes ranging from 8˚ to 38˚ (Badilla et al., 2001). X-ray fluorescence spectroscopy of
samples from the Lake Asososca Maar indicate CaO percent weights of 6.04-6.23 (Geilert et al.,
2012). Groundwater in the Managua area region typically flows within a 400-600 m thick semiconsolidated, permeable Pleistocene age pyroclastic deposit that is overlain by alluvium and
colluvium of Pleistocene-Oligocene age (Parello et al., 2008).
Water Chemistry
Surface water had an alkalinity value of 297 mg/L and a pH value of 8.45 in May of 2015
based on a digital field titration. A previous study analyzing surface waters in the study area was
conducted in 2006 (Parello et al., 2008). This study found that surface waters of Lake Asososca
had a pH of 8.52, TDS of 1513 mg/L, and a temperature of 31.8 °C. Chemical analysis of major
elements in the water was determined via ion chromatography in this study, and found calcium
levels of 21.7 mg/L and bicarbonate levels of 770 mg/L (Parello et al., 2008).
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Modern Climate
The climate of Nicaragua is classified as Tropical based on the Köppen-Geiger climate
classification (Peel, Finlayson, & McMahon, 2007). On average, Nicaragua receives
approximately 240 cm of precipitation a year (Figure 2). Nicaragua, like most of Central
America, has a bimodal precipitation regime, with the majority of annual precipitation (~75%)
occurring during the wet season between May and October. Northward migration of the North
Atlantic Subtropical High (NASH) during the summer allows for sustained easterly flow to
develop over Central America, bringing moisture from the Caribbean with it (Giannini et al.,
2000). In the middle of this wet season is a relative minimum in precipitation known as the
Midsummer Drought (MSD), occurring during July and August (Magaña & Amador, 1999).
Subsidence, associated with a spreading of the NASH, inhibits convection and leads to dry
conditions throughout the Caribbean basin in the boreal winter (Giannini, Kushnir, & Cane,
2000). There is a precipitation gradient across Nicaragua, as the Caribbean side generally
receives more precipitation than the Pacific side (Hastenrath 1967).
The main moisture source for the region is the Caribbean Sea, which is conveyed over
Central America via the Caribbean Low Level Jet (CLLJ) (Durán-Quesada, Gimeno, and
Amador 2017). Low level jets are regional maxima of winds that occur in the lower troposphere
(Muñoz, Busalacchi, Nigam, & Ruiz-Barradas, 2008). The CLLJ is a low-level easterly wind
maximum located between the northern coast of South America and the Greater Antilles (Cook
& Vizy, 2010). It manifests itself as an intensifications of the easterly trade winds, and has an
east-west axis at 15° N (Whyte, Taylor, Stephenson, & Campbell, 2008). The strength of the
CLLJ varies throughout the year (Cook & Vizy, 2010). Wind speeds associated with the CLLJ
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begin increasing in May, reach maximum strength in July, and weaken considerably by
September (Whyte et al., 2008). The CLLJ is believed to be a major contributor to the MSD,
with peak strength in the CLLJ coinciding with the occurrence of the MSD (Martin &
Schumacher, 2011).

Figure 2: Average monthly precipitation and temperature values for Nicaragua from 1961-1990
estimated from a dense network of weather station observations. Modified from Osborn et al.
2015.
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Interannual precipitation variability in Central America is the product of multiple factors.
Changes in regional SSTs, the ITCZ, and various modes of ocean-atmosphere variability all
impact regional precipitation dynamics. Variations in SSTs in both the Atlantic and Pacific
oceans have been shown to impact Central American hydroclimate (Hastenrath & Polzin, 2013).
Warmer Atlantic SSTs typically result in wetter conditions over the Caribbean Region, due to
increased convergence and enhancement of atmospheric moisture (Hastenrath 1984; Taylor,
Enfield, & Chen, 2002). Warmer Pacific SSTs typically result in drier conditions over Central
America, as they can cause an increase in Caribbean sea level pressure (SLP), which inhibits
convection (Hastenrath 1976). The gradient between these two ocean basins also has been
demonstrated to modulate Central American hydroclimate. For example, a warm Atlantic and
cold Pacific dipole is associated with increased precipitation through weakening of the trade
winds (Chen & Taylor, 2002; Enfield & Alfaro, 1999). Changes in the strength of the CLLJ can
also play a role in precipitation variability. An intensified CLLJ is associated with drier
conditions in Central America due to decreased tropical cyclone activity, increased subsidence,
and weaker land-sea breeze (Fuentes-Franco et al., 2015). Warmer (Colder) Eastern Equatorial
Pacific SSTs lead to a stronger (weaker) CLLJ, while colder (warmer) Atlantic SSTs lead to a
weaker (stronger) CLLJ (Whyte et al., 2008).
Monsoons
Monsoon systems refer to seasonal variations in winds that bring precipitation changes
(Trenberth, Stepaniak, & Caron, 2000). These arise due to a thermal contrast between land and
ocean (Slingo, 2014). Because the thermal inertia of land is significantly less than oceans,
continents respond rapidly to seasonal temperature fluctuations, creating large temperature

10
gradients (Gadgil & Rajeevan, 2008). In the summer, the hotter continents draw moisture from
the surrounding oceans, leading to moisture condensation and high amounts of precipitation
(Slingo, 2014). The opposite pattern is observed in the winter. Criteria for monsoon
classification, such as a shift in the prevailing wind direction by at least 120°, have been
suggested (Slingo, 2014). Despite quantitative criteria for a monsoon system being established,
many still apply the term to describe general tropical seasonal changes in circulation and
precipitation (Trenberth et al., 2000).
Previous studies have grouped Nicaragua and the Central American region into the North
American Monsoon system (NAM), which spans from 9° to 36° N (Liebmann et al., 2008;
Metcalfe et al., 2015). Others consider the southern extent of the NAM region to be central
Mexico (Jones, Metcalfe, Davies, & Noren, 2015). Some refer to a Central American Monsoon
system, separate from the NAM (Giannini et al., 2000; Lachniet et al., 2004). Because of the
smaller land mass of Central America, it does not have the pronounced seasonal shifts in wind
direction that is observed in major monsoon regions, such as India (Slingo, 2014). Without large
shifts in prevailing wind direction, a region cannot be not classified as monsoonal, even if it
experiences strongly seasonal rainfall patterns. Still, multiple studies have previously described
monsoon conditions in the Central American and Caribbean region (Hodell & et al., 1991;
Lachniet et al., 2004; Lachniet, Asmerom, Polyak, & Bernal, 2017; Winter et al., 2015). Even if
changes in atmospheric circulation are not substantial enough for the Central American region to
be classified as monsoonal, the seasonal temperature gradients that arise could still contribute to
the precipitation pattern observed.
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Intertropical Convergence Zone
The ITCZ is low pressure band that forms due to the convergence of the Northern and
Southern Hemispheric trade winds, occurring predominantly over the oceans (Chiang, Kushnir,
& Giannini, 2002). Convergence of these trade winds leads to the ascent, cooling, and
condensation of air masses, allowing high precipitation amounts in the ITCZ (Hastenrath &
Polzin, 2013; Schneider, Bischoff, & Haug, 2014). Once these air masses ascend, they travel
poleward away from the ITCZ, descend in the subtropics, and flow along the surface back
towards the ITCZ, forming a Hadley Circulation cell (Donohoe, Marshall, Ferreira, & Mcgee,
2013). This circulation dynamic transports heat away from the equator. The position of the ITCZ
migrates towards the hemisphere that is warmer relative to the other as it acts as a regulator
between inter-hemispheric temperature gradients (Frierson et al., 2013). Hemispheric asymmetry
of energy is balanced by transporting heat to the cooler hemisphere. When the ITCZ is shifted to
the warmer hemisphere it results in a net atmospheric heat transport to the cooler hemisphere
(Donohoe et al., 2013). Thus, the mean position of the ITCZ is linked with atmospheric energy
transport between the Northern and Southern Hemispheres.
Migrations in the ITCZ impact precipitation dynamics seasonally and on interannual to
longer timescales. Seasonally, the northward shift of the ITCZ during the summer contributes to
the timing of this wet season (Metcalfe et al., 2015). The ITCZ migrates as it tracks maximum
seasonal insolation, shifting between 9° N in the boreal summer and 2° N in the boreal winter
over the Atlantic and Pacific oceans (Schneider et al., 2014). The modern average annual
position of the ITCZ over the Atlantic basin is 5° N (Arbuszewski, Demenocal, Cléroux,
Bradtmiller, & Mix, 2013). The seasonal northern migration of the ITCZ during boreal summer

12
is one of the factors that contributes to the rainy season observed in Central America (Hastenrath
& Polzin 2013). Although the seasonal migration of the ITCZ does not track far enough north to
cover the entire latitudinal extent of Central America over the late Holocene, its influence on
regional circulation dynamics such as the trade winds and role as a source of moisture can have
wide spread regional impacts (Nyberg, Kuijpers, Malmgren, & Kunzendorf, 2001a). On
interannual time scales the ITCZ can respond to SST variability in the Pacific and Atlantic ocean
basins (Chiang et al., 2002). The ITCZ can also be influenced by modes of ocean-atmosphere
variability, such as ENSO, as well as extra-tropical forcing mechanisms (Chiang et al., 2002;
Marshall, Donohoe, Ferreira, & McGee, 2014).
On millennial timescales, shifts in the ITCZ are determined by orbitally controlled
insolation inputs, mainly the Earth’s precessional cycle with its 21 kyr period. Over the course of
the Holocene, decreasing northern hemisphere insolation values led to a southern migration of
the ITCZ (Haug et al., 2001). As insolation values declined over the course of the Holocene,
synoptic scale climate oscillations emerged as important modulators of ITCZ variability, leading
to increasing complex patterns of hydroclimate in the Central American region (Metcalfe et al.,
2015).
Although some precipitation records (Sachs et al., 2009) invoke large scale shifts in the
ITCZ to explain changes in hydroclimate over the last millennium, other studies (McGee,
Donohoe, Marshall, & Ferreira, 2014) caution against this, suggesting that the mean position of
the ITCZ likely shifted by less than 1° latitudinally since the mid-Holocene. When considering
shifts in the mean position of the ITCZ, it is important to consider the multitude of factors that
could contribute to it. Expansions, contractions, the latitudinal extent of seasonal extremes, and
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changes in the amount of time spent by the ITCZ at its extremes could all influence its mean
position (McGee et al., 2014). Studies have shown that the ITCZ likely has not expanded or
contracted in the Atlantic Basin over the past 25,000 years, but rather experienced uniform
latitudinal shifts (Arbuszewski et al., 2013). Large meridional shifts in the ITCZ greater than 1°
during the Late Holocene can still occur, but must be limited in zonal extent in order for the
global mean shift to stay less than 1° latitude (McGee et al., 2014).

Atlantic Meridional Overturning Circulation
The Atlantic Meridional Overturning Circulation (AMOC) consists of cold, high salinity
waters sinking at the high latitude regions of the North Atlantic, flowing towards the equator,
and upwelling (Delworth, Manabe, & Stouffer, 1993). In the Atlantic Ocean, AMOC dominates
the cross-equatorial energy transport, transporting heat northward. It is the primary reason the
Northern Hemisphere is the warmer hemisphere (Schneider et al., 2014). The Southern
Hemisphere receives slightly more net radiation than the Northern Hemisphere and therefore
cannot cause the ITCZ to reside in the Northern Hemisphere (Frierson et al., 2013). The larger
energy flux into the Northern Hemisphere is instead a result of the northward cross-equatorial
heat transported by meridional overturning circulation (Schneider et al., 2014). Previous studies
have estimated that 90% of the modern day interhemispheric temperature difference is explained
by ocean heat transport (Feulner, Rahmstorf, Levermann, & Volkwardt, 2013).
Because the ITCZ responds to changes in inter-hemispheric energy inputs, and AMOC
has been demonstrated to be one of the dominant drivers of inter-hemispheric energy balances,
variations in AMOC can result in changes to the ITCZ. When AMOC slows down, less heat is
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transported to the Northern Hemisphere, leading to a more southerly ITCZ (Schneider et al.,
2014). If the strength of meridional overturning circulations such as AMOC are altered,
precipitation patterns in the tropics can change (Frierson et al., 2013).

ENSO, NAO, and AMO
Synoptic-scale modes of ocean-atmospheric variability that impact Central American
hydroclimate originate in both the Atlantic and Pacific oceans. These modes of variability each
impact hydroclimate on different time-scales and can influence different aspects of regional
climate. Our present knowledge of how these modes of variability operate are based on analyses
of historical weather data that typically span less than a century and climate model simulations.
Proxy reconstructions of these modes of variability allow us to extend our knowledge of these
systems further into the past. By comparing reconstructions of hydroclimate to these modes of
ocean-atmospheric variability, we can gain a greater understanding of how these modes have
affected hydroclimate on centennial and longer time-scales.
This study focuses on three different modes of ocean-atmosphere variability; ENSO, the
NAO, and the AMO. These modes were chosen as they have been demonstrated to have the most
pronounced impacts on Central American hydroclimate (Dai & Wigley, 2000; Giannini et al.,
2001; Olsen, Anderson, & Knudsen, 2012; Seager et al., 2007). A summary of these modes of
variability and their impacts is shown in Table 1. Although these modes of ocean-atmosphere
variability are independent manifestations, they have been demonstrated to have the ability to
potentially impact and alter each other through teleconnections, the ITCZ, AMOC, and regional
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climate (Dong, Sutton, & Scaife, 2006; Schneider et al., 2014; Seager et al., 2007; Visbeck,
Cullen, Krahmann, & Naik, 1998).

Table 1: Modern relationships between modes of ocean-atmosphere variability and Central
American hydroclimate (Frajka-Williams, Beaulieu, & Duchez, 2017; Kerr, 2000; Olsen et
al., 2012).
Positive Phase

Negative Phase

Time-scale

El Niño Southern
Oscillation (ENSO)

Drier Conditions

Wetter Conditions

Events tend to last 912 months and occur
every 3-5 years

North Atlantic
Oscillation (NAO)

Drier Conditions

Wetter Conditions

3-6 and 8-10 year
periodicity

Atlantic Multidecadal
Oscillation (AMO)

Wetter Conditions

Drier Conditions

~60 year oscillations

ENSO
On interannual timescales, ENSO is one of the leading modulators of precipitation
variability (Dai & Wigley, 2000; Giannini, Kushnir, & Cane, 2000; Klotzbach, 2011).
Originating in the eastern equatorial Pacific, ENSO is influenced by regional Walker Circulation
dynamics. Walker Circulation refers to east-west atmospheric circulation cells that reside along
the equatorial belt (Lau & Yang, 1992). The first description of Walker Circulation referred to
the large scale atmospheric circulation over the equatorial Pacific Ocean. Low-level winds travel
east to west across the central Pacific, rising over the warm waters of the western Pacific,
returning from west to east in the upper troposphere, and sinking over the cold waters of the
Eastern Pacific (Lau & Yang, 1992). In an El Niño year, the trade winds that drive the regional
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Walker circulation slacken. As these trade winds slacken, the Pacific warm pool is moved
eastward. As waters warm in the eastern equatorial Pacific, sea level pressure (SLP) decreases.
The opposite conditions are observed during a La Niña year. Trade winds increase, causing the
Pacific warm pool to move westward, leading to higher SLP in the eastern equatorial Pacific.
In Central America, El Niño events are associated with drier conditions, while La Niña
events are associated with wetter conditions (Covey & Hastenrath, 1978; Giannini et al., 2000).
Drier Central American hydroclimate conditions during an El Niño year have been attributed to
the establishment of a “zonal seesaw” between the eastern equatorial Pacific and tropical north
Atlantic (Giannini et al., 2000). Low SLP in the eastern equatorial Pacific during El Niño years
cause an anomalous walker circulation between ocean basins, leading to higher SLP to over the
Caribbean Basin which inhibits convective activity in the region (Covey & Hastenrath, 1978).
The opposite impacts are observed during La Niña years, in which high SLP occurs over the
eastern equatorial Pacific is observed, leading to lower SLP and more convective activity in
Central America (Covey & Hastenrath, 1978; Giannini et al., 2000). Although individual El Niño
events typically only occur every 3-5 years and last between 9-12 months (An & Wang, 2000),
the amplitude of ENSO has been shown to vary on decadal-multidecadal time scales (Wang &
An, 2002).
NAO
The NAO is a large-scale mode of ocean-atmosphere variability that originates in the
North Atlantic Ocean. It is defined by the difference in the atmospheric pressure at sea level
between the Icelandic Low and Azores high pressure centers (Olsen et al., 2012; Trouet, Scourse,
& Raible, 2012). The Azores high pressure center is also referred to as the North Atlantic
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Subtropical High. Positive phases of the NAO are associated with strengthening of these pressure
systems, while negative phases are associated with weakening of these systems.
Our modern understanding of the impact of the NAO on Central American hydroclimate
is that positive NAO phases lead to drier conditions, while negative NAO phases lead to wetter
conditions (Giannini, Cane, & Kushnir, 2001). Drier conditions during positive NAO phases are
believed to be caused by the strengthening of the trade winds, which leads to subsidence, lower
Caribbean SSTs due to enhanced heat loss, and reduced rainfall in the region (Giannini et al.,
2000; Jury, Malmgren, & Winter, 2007). The opposite is observed during negative NAO phases,
with weakening of the trade winds leading to decreased subsidence, higher Caribbean SSTs and
increased regional rainfall (Giannini et al., 2001; Jury et al., 2007).
AMO
The AMO is a near-global scale mode of multidecadal climate variability over large parts
of the Northern Hemisphere It is usually defined by variations in Atlantic SSTs between 0 and
70° N once any linear trend due to greenhouse gases have been removed (Frajka-Williams et al.,
2017; Knight, Folland, & Scaife, 2006). The AMO typically oscillates between positive and
negative modes ever 65-70 years (Enfield, Mestas-Nuñez, & Trimble, 2001). This oscillation has
been hypothesized to be driven by fluctuations in the strength of the AMOC (Delworth et al.,
1993).
Positive phases of the AMO are associated with warmer Atlantic SSTs and wetter
conditions in Central America (Seager et al., 2007). There is still debate over the validity of the
AMO as a true mode of ocean-atmosphere variability, with some research suggesting
anthropogenic forcing being partly responsible for the observed signal (Mann & Emanuel, 2006).
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Solar Variability
Solar radiation is the electromagnetic radiation emanating from the sun. Insolation is a
measurement of this radiation reaching the top of the earth’s atmosphere over a given time.
Irradiance is an instantaneous measurement of solar radiation at the top of earth’s atmosphere,
although the two terms are commonly used interchangeably. Insolation can be impacted by
changes in the angle and distance between the sun and the earth, which is controlled by orbital
forcing.
Changes in insolation due to orbital forcing have played a prominent role in Central
American hydroclimate throughout the Holocene (Metcalfe et al., 2015). As Northern
Hemisphere summer insolation declined over the Holocene, the ITCZ tracked south, having a
profound impact on Central American hydroclimate (Haug et al., 2001). These millennial scale,
orbitally forced insolation changes are controlled by Milankovitch cycles, which involve changes
in the shape of the earth’s orbit, tilt, and rotational axis.
The amount of solar radiation reaching the earth can also be impacted by changes in the
suns energy output itself. Total solar irradiance (TSI) is the total radiant power passing through a
unit area at Earth’s mean orbital distance, typically measured as watts per meter square (W/m2)
(Hoyt & Schatten, 1997). Irradiance can vary on multiple timescales, from over billions of years
as the sun evolves towards a red giant, to the 11-year sunspot cycle (Hoyt & Schatten, 1997).
These variations in TSI are largely a result of changes in the Suns magnetic field, although they
can also vary due to volcanic events and other mechanisms that eject large amounts of aerosol
into the earth’s atmosphere (Gray et al., 2010).
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Solar radiation can vary by up to 0.07% over the 11 year sunspot cycle, altering between
periods of solar maximum and solar minimum, resulting in variations of up to 0.17 W/m2 of TSI
(Gray et al., 2010). These variations during the 11 year sunspot cycle are mainly a result of
changes to the distribution and sizes of the magnetic field patches on the surface of the Sun
(Gray et al., 2010). Although some studies have found a relationship between the 11 year sunspot
cycle and climatic variations at the Earth’s surface (Reid, 1991; White, Lean, Cayan, &
Dettinger, 1997), long-term drifts in radiative forcing are of greater importance (Gray et al.,
2010). Over centennial timescales, the Sun can vary by up to 0.3% (Committee on the Effects of
Solar Variability on Earth's Climate, 2009). These century-scale TSI changes are typically on the
order of 0.9-1.6 W/m2 (Gray et al., 2010)
Solar activity has also been shown to enter periods of grand minima or grand maxima
that can last multiple decades. Grand minima, such as the Maunder minimum, are periods of
marked by the absence of sunspot activity and lower TSI (Usoskin, Solanki, & Kovaltsov, 2007).
Grand maxima are characterized by higher solar activity. The occurrence of these grand periods
are hypothesized to be chaotic in nature, and not driven by any long-term cyclic variability
(Usoskin et al., 2007). The Sun spends the majority of its time, approximately ¾, at moderate
magnetic activity levels, and the remainder in states of grand minima or maxima (Usoskin et al.,
2007). The anomalous climatic periods of the Little Ice Age (LIA) and Medieval Climate
Anomaly (MCA) are hypothesized to be partly caused by large scale changes in solar activity,
(Moberg et al., 2005; Van Geel et al., 1999). The coldest phase of the LIA occurred from A.D.
1645-1715 during the Maunder minimum, a period in which solar variability was in a grand
minima (Usoskin et al., 2007).
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Solar Amplification
As the magnitude of variations of solar variability is initially small, amplification
mechanisms are required to have large impacts on climate (Van Geel et al., 1999). A change in 1
W/m2 TSI has an estimated change in surface temperature of 0.07 K (Gray et al., 2010). This
small change in surface temperature is likely not substantial enough to have climatic impacts
alone. Multiple different amplification mechanisms have been hypothesized, including changes
to the Ultra-Violet solar spectrum (Beer, Mende, & Stellmacher, 2000), ozone production
(Haigh, 1994), and the effect of galactic cosmic rays on cloud formation (Van Geel et al., 1999).
Solar variability has also hypothesized to impact climate through “top-down” mechanisms and
“bottom-up” mechanisms. Top-down mechanisms affect surface climate by first perturbing the
stratosphere, which then influences the troposphere, and finally the surface. Bottom-down
mechanisms influence the climate by direct interaction of solar energy with the ocean and land
surfaces, leading to changes in circulation dynamics and temperature (Committee on the Effects
of Solar Variability on Earth's Climate, 2009). Circulation dynamics have also been suggested to
be influenced by differential warming between cloudy and cloudy free zones during periods of
high TSI (Gerald & Tebaldi, 2004). It is important to note that the link between solar variability
and climate is complex and not yet fully characterized.
Despite the difficulties in establishing a quantitative link between solar activity and
climate, multiple studies have cited solar variability as an important modulator of climate
dynamics (Beer et al., 2000; Neff et al., 2001; C. Wang, 2007). In the tropics, the impacts of
solar variability on climate potentially involves impacts to Hadley Circulation and the ITCZ
(Metcalfe et al., 2015). Lake sediments from the Yucatan Peninsula, Mexico, indicated that
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periods of high solar activity lead to drought (Hodell, Brenner, Curtis, & Guilderson, 2001).
Solar variability has also been linked to the strength of AMOC, as modeling experiments showed
that periods of reduced solar radiation can lead to intensified AMOC (Muthers, Raible, Rozanov,
& Stocker, 2016).
Solar Variability Reconstructions
Modern observations of TSI have been performed via satellites equipped with
radiometers since 1977 (Gray et al., 2010). Extension of our knowledge of TSI variability
therefore requires proxy records. Sunspots are dark spots on the surface of the Sun associated
with stronger solar magnetic field, and have been recorded since A.D. 1610 (Hoyt & Schatten,
1997). Because of their strong relationship with solar magnetic activity, they have a high
correlation with TSI and can therefore be used as a proxy for solar variability (Gray et al., 2010).
Cosmogenic radionuclides can be used as a proxy for sunspot variability through
geologic time. Two cosmogenic radionuclides, 14C and 10Be, are commonly used to reconstruct
past solar variations (Bard, Raisbeck, Yiou, & Jouzel, 2000; Steinhilber, Beer, & Fröhlich,
2009). These cosmogenic isotopes are produced in the upper atmosphere due to bombardment by
galactic cosmic rays. Once they are formed, they can be stored in archives such as ice cores and
sediments and measured as a proxy of solar variability. Periods of high solar activity are
associated with stronger geomagnetic fields, which sweep through space and lead to the Earth
being more effectively shielded from incoming galactic cosmic rays. This leads to 14C and 10Be
having an inverse relationship with solar activity (Van Geel et al., 1999). Higher shielding from
incoming galactic cosmic rays reduces the production of 14C and 10Be in the upper atmosphere

METHODS
Field Work
Sediment cores were collected from Lake Asososca in May 2015 and March 2017. A
0.92 m long sediment core was collected from the depocenter of the lake. Coring was performed
via a Nesje Corer, a single-drive cable deployed percussion corer with polycarbonate tubing. A
lightweight (~5 kg) hammer coring system was used to retrieve a 52-cm surface core that kept
the sediment-water interface intact. This surface core was collected from the same location in the
lake depocenter. The top 10 cm of this surface core was extruded at 0.25 cm intervals in the field
and placed into Whirlpak® bags.
Water samples were collected from various lakes, rivers, ephemeral streams, and rain
events. These samples add to a growing database of regional water geochemistry, which contains
45 different samples across Nicaragua, collected in 2003, 2004, 2015, and 2017. Air-tight 15 mL
polyethylene bottles were rinsed three times and filled and capped with no head space. Water
samples collected in 2015 and 2017 were sent to the University of Alaska-Anchorage for
analysis by a Picarro isotope analyzer. Previous water samples collected from 2003 and 2004
were send to the University of Arizona for analysis by a Finnigan Delta S mass spectrometer
(Stansell et al., 2013). Samples were screened to verify organic content was low and not a source
of absorption interference spectra. Each sample was analyzed six times for δ2H and δ18O.
Samples with standard deviations greater than 0.3‰ for δ18O and 3‰ for δ2H were reanalyzed.
Samples were also reanalyzed if internal standards for the run differed from the accepted value
by greater than 0.2‰ for δ18O and 2‰ for δ2H. Measurements are reported in delta notation as
the per mil deviation from Vienna Standard Mean Ocean Water (VSMOW).
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δA X=

Rsample - Rstd
x 1000%
Rstd

Rsample is the ratio between the more abundant and less abundant isotope in the measured sample
and Rstd is the same ratio of a set international standard. Sample, water source, location, and δ2H
and δ18O values are shown in Table 2. Water samples were plotted against the Global Meteoric
Water Line (GMWL) to assess potential influence from evaporation or moisture recycling
(Rozanski, Araguás-Araguás, & Gonfiantini, 1993).

Core Chronology
A continuous 60.3 cm-long sediment record (hence referred to as “deep-water core”) was
creating by overlapping the surface core and deep-water core taken from the same location of
Lake Asososca. This deep-water core is composed of the 52 cm surface core and the 92.6 cm
deep-water core. A tephra layer in both of these cores was used as the tie point for a continuous
record. Two tephra layers in the core (7 cm in total length) were treated as instantaneous
deposition events and therefore subtracted from the record, as they did not represent normal
sedimentation conditions. The age depth model for the deep-water core was produced using 7
radiocarbon ages. The deep-water core had angled laminations at approximately 30˚. To account
for this, the deep-water core was sliced into .2 cm intervals parallel to laminations prior to any
sampling and placed into Whirlpak® bags.
Radiocarbon ages were measured from terrestrial macrofossils, such as leaves, wood, and
charcoal (Table 3). Samples were pre-treated using an acid-base-acid protocol (Abbott &
Stafford, 1996) and combusted. These combusted samples were sent to the University of
California-Irvine for graphite reduction and measurement on an accelerator mass spectrometer.
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The BACON program (v2.2) (Blaauw & Christeny, 2011) was used to create the age-depth
model for the deep-water composite core. BACON is an open source, R-based program that uses
Bayesian statistics to reconstruct accumulation histories via millions of Markov Chain Monte
Carlo iterations, constrained by radiocarbon ages. Radiocarbon ages from 21.8-41 cm of the
deep-water core contained multiple age reversals and was therefore excluded from the age
model, as BACON could not reconcile the age-depth relationship of the 6 samples in this section.
Isotope data from this section was also excluded. Surface sediments were analyzed for 210Pb by
direct gamma counting using a high purity germanium detector, Canberra model BE-3825, at the
University of Pittsburgh (Finkenbinder et al., 2014).

Lithology
Bulk density, x-ray fluorescence (XRF), Magnetic Susceptibility (MS) and loss-onignition (LOI) were used to characterize core lithology. Bulk density was measured on 1 cm3
samples taken at every cm down core. Samples were measured wet, freeze-dried, and reweighed
dry to calculate bulk density. Freeze-dried samples were measured via a Innov-X Professional
handheld XRF instrument to assess changes in elemental concentrations (Weltje & Tjallingii,
2008). A principal component (PC) analysis was performed on elemental concentrations to
determine which elements tended to vary throughout the core. An ACS Scientific point-sensor
automated magnetic susceptibility track with Bartington MS2E surface scanning sensor and
MAGTRAK software were used to measure MS and assess potential changes in sediment
composition and grain size (Hatfield & Stoner, 2013). Loss-on-ignition was performed using a
high temperature oven at Northern Illinois University (NIU) by burning the samples at 550 ˚C
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and 1000 ˚C to estimate the amount of organic material and carbonate in the sediment (Heiri,
Lotter, & Lemcke, 2001).
Fine grain (<63 μm) sediment was imaged using a scanning electron microscope (SEM)
and analyzed via Energy Dispersive Spectroscopy (EDS) and X-ray Diffraction (XRD) to
determine the carbonate mineral phase and to further characterize the core. Five sub samples
were imaged with a Jeol JSM-5610LV SEM at NIU at depths of 15.375, 38.375, 44.1, 52.1, and
59.1 cm on the deep-water core. These sub samples were then analyzed via EDS to further
characterize the elemental composition of carbonate. A Siemens X-ray Diffratometer at NIU was
used to measure XRD on the same set of samples using a 2-theta scan between 20 and 70°. A
Smartcube Camera Imaging Scanner was used to acquire high resolution images of the split
cores.

Stable Isotope Analysis
Stable oxygen (δ18O) and carbon isotopes (δ13C) were analyzed on the deep-water core,
totaling 243 samples. Values were measured every 0.25 cm in the surface core and every 0.2 cm
in the Nesje core. Samples were disaggregated in 6% hydrogen peroxide for four hours. A 63 μm
fraction wet sieve was used to separate the fine sediment. The fine sediments were then placed in
a 50% bleach solution for 8 hours to remove any organic matter. Material was rinsed 3 times
with deionized water to neutralize it before being freeze-dried and homogenized. Samples were
analyzed at NIU on a Finnigan MAT 253 Stable Isotope Ratio Mass Spectrometer with a
Finnigan Gas Bench II. Values are reported in standard delta notation relative to the Vienna Pee
Dee Belemnite (VPDB), a reference standard calibrated to the original Pee Dee Belemnite
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sample, and calibrated using the international standards NBS-18 and NBS-19. Rsample and Rstandard
are 18O/16O ratios in samples and standards.

RESULTS
Age Model and Age Reversals
The BACON generated age model results are shown in Figure 3. The basal age for this
record was calculated to be A.D. 943, with a possible error range of between A.D. 682 and 981,
producing a record that spans 1075 years. Radiocarbon material used for the age model is shown
in Table 2. The average sedimentation rate is approximately 18 yr/cm. Surface sediment showed
210

Pb values that were indistinguishable from background levels and were therefore not included

in age-depth model calculations.
Table 2a: Radiocarbon material used for BACON age model
Core
ASOS A15
ASOS A15
ASOS A15
ASOS A15
ASOS A17
ASOS A17
ASOS A17

Depth
(cm)
30.25
30.375
34.375
39.5
43.3
53.6
60.2

Material
Wood
Leaf
Wood
Wood
Wood
Charcoal
Leaf

14

C age

±

Calibrated (AD) 2 Sigma Age Range (AD)

305
440
490
565
695
790
1190

25
80
20
35
15
170
70

1560
1479
1428
1353
1284
1199
832

1493-1601 1615-1649
1319-1350 1391-1644
1413-1443
1303-1366 1383-1428
1273-1298 1373-1377
885-1451
682-981

Table 2b: Radiocarbon material excluded from BACON age model
Core

Depth
(cm)

ASOS A15
ASOS A15
ASOS A15
ASOS A15
ASOS A17B
ASOS A17B
ASOS A17B
ASOS A17B
ASOS A17B
ASOS A17B

14.875
15.5
35
47.75
31.6
41.6
42
45.4
47.4
50.6

14

C age
(BP)

±

-1585
-245
190
400
275
535
530
420
250
470

35
20
30
35
25
25
130
70
20
30
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Figure 3: Age-depth model for Lake Asososca calculated with BACON. Blue vertical and
horizontal bars represent the uncertainty range for 14C samples. Black shading represents model
uncertainty ranges.
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Water Isotopes
Surface water isotope values varied according to their source, which included lakes,
rivers, rainwater, and ephemeral streams. Regional water isotope data and locations are shown in
Table 3. Water samples plotted against the GMWL can be seen in Figure 4. Rivers, rainwater,
and open basin lakes tend to plot near the GMWL. Closed basin lakes and ephemeral streams
plot off of the GMWL, suggesting influence from evaporation or moisture recycling. A regional
evaporation line (REL) was created using a best fit linear trendline through water samples that
plot off the GMWL, described by equation y = 5.72x – 5.26. Lake Asososca surface water
samples collected in May of 2015 and March of 2017 had δ18O values of 1.9‰ and 2.3‰,
respectively. These surface water samples plot close to the REL.

Lithology
X-ray Fluorescence
Elemental concentrations detected via XRF displayed pronounced changes between
tephra layers and lake sediments. Tephra layers were identified via their distinct visual
appearance, magnetic analysis, and elemental composition. Changes in percent concentration of
elements detected via XRF is shown over time (Figure 5). Tephra layers had pronounced peaks
in Al, K, Fe, Cu, Rb, Ti, Si, and Y (Figure 6a). These same elements also displayed increased
levels at approximately A.D. 1880. Tephra layers exhibit lower concentrations of S and Ca
(Figure 6b). Zr, As, Co, Sr and Mn displayed independent variability that did not appear to
correspond to any other element.
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Lake sediment elemental concentrations varied through time. Si, Ca, Mn, Zn, and As
concentrations in lake sediments were highly variable. Al, S, K, Ti, Fe, Co, Cu, Rb, Sr, Y, and Zr
displayed relatively stable concentrations. At the beginning of the record elemental
concentrations were generally high. Concentrations diminished before the first tephra layer at
A.D. 1130. The period between the tephra layers from A.D. 1130-1295 saw generally low
elemental concentrations. Elemental concentrations in lake sediments remained moderately low
but variable through the rest of the record. Results from the principal component analysis of
elemental concentrations is shown in Figure 7. The principal component analysis indicates that
variations in calcium are not strongly related to variations in detrital elements such a potassium,
aluminum, titanium, iron and silica.
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Table 3
Regional water isotope data and locations. δ2H and δ18O reported relative to VSMOW.
86.31667

δ18O
3.0

δ2H
4.9

12.59398

86.05824

-5.4

-39.2

11.76191

85.96330

-0.3

-10.6

5/1/2003

11.76597

85.95949

-5.6

-39.3

Lake

5/1/2003

11.93620

86.05044

2.4

8.2

Lake

6/1/2004

11.90548

85.91769

2.3

-6.0

La Prensa, Ometepe

Lake

6/1/2004

11.49000

85.55000

-6.2

-38.9

Maderas

Lake

6/1/2004

11.44540

85.51083

-6.6

-43.3

Charco Verde

Lake

6/1/2004

11.47716

85.63335

-0.9

-14.2

Zapatera

Lake

6/1/2004

11.90540

85.91756

0.6

-7.8

Apoyo

Lake

6/1/2004

11.93620

86.05044

-1.4

-4.4

Macapa

Lake

5/1/2015

11.77800

85.94900

-0.13

-3.71

Asososca (Leon)

Lake

5/1/2015

12.42907

86.66320

1.94

1.23

Moyuá

Lake

5/1/2015

12.59150

86.05252

6.14

36.10

Las Playitas

Lake

5/1/2015

12.57768

86.04240

8.41

41.75

La Laguna

Lake

5/1/2015

12.78395

87.00737

2.72

2.65

Monte Galan

Lake

5/1/2015

12.43960

86.57055

4.08

15.52

Maderas

Lake

5/1/2015

11.44620

85.51107

1.55

18.81

Xiloa

Lake

5/1/2015

12.42638

86.32042

2.85

12.56

Lake Managua

Lake

5/1/2015

12.26738

86.47242

1.64

9.18

Lake Tisma

Lake

5/1/2015

12.09122

85.98508

6.06

37.18

Lake Nicaragua

Lake

5/1/2015

11.98882

85.93842

1.48

13.50

Campuza

Lake

5/1/2015

Lake

5/1/2015

87.06192
86.05044

-6.92 -44.86

Apoyo - shore

12.42907
11.93620

2.38

12.98

Mombacho Danta

Lake

5/1/2015

11.79700

85.90700

4.16

17.76

Laguna Las Piedras

Lake

5/1/2015

12.44680

86.56968

4.90

19.23

Laguna El Cachital

Lake

5/1/2015

12.45660

86.56507

6.82

27.00

Xiloa

Lake

3/13/2017

12.42638

86.32042

2.78

12.67

Asososca (Leon)

Lake

3/13/2017
3/13/2017

86.66320
86.05044

6.50

Apoyo

12.42907
11.93620

2.20

Lake

2.89

16.09

Asososca (Leon)

Lake

3/16/2017

12.42907
11.90548
11.98882
11.11195
11.17520
12.44090
11.77208
11.67767
11.52182
11.52957
11.65740

86.66320
85.91769
85.93842
85.75927
85.80055
86.61177
85.94545
85.98308
86.07225
86.05965
85.97123

2.31

4.22

6.34
2.16
-5.61
-5.81
-5.22
-6.23
1.78
5.95
0.64
-5.20

31.49
17.77
-33.04
-33.62
-37.32
-38.37
25.27
26.75
0.26
-31.53

Sample

Type

Sample Date

Lat (°N)

Lon (°W)

Nejapa

Lake

5/1/2003

12.00117

Moyua

Lake

5/1/2003

Verde

Lake

5/1/2003

Blanca

Lake

Apoyo Center
Gancho

Lake
El Gancho
Lake
Lake Nicaragua
River
R. Ostinal
River
R. Escameca Grande
River
R. Momotombo
River
R. Manares
Rain
R1
Ephemeral Stream
A1
Ephemeral Stream
A2
Ephemeral Stream
A3

3/19/2017
3/19/2017
5/1/2015
5/1/2015
5/1/2015
5/1/2015
3/19/2017
3/19/2017
3/19/2017
3/19/2017
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Figure 4: Nicaragua water samples. A scatterplot of δ2H and δ18O for water samples collected in
2003, 2004, 2015, and 2017 from across Nicaragua. GMWL and REL shown for reference.
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Figure 5a: XRF Data for Aluminum (Al), Silicon (Si), Sulfur (S), Potassium (K), Calcium (Ca),
and Titanium (Ti) for the deep-water core, shown as changes in percent concentration through
time. Red dashed lines represent periods of tephra deposition.
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Figure 5b: XRF Data Manganese (Mn), Iron (Fe), Cobalt (Co), Copper (Cu), Zinc (Zn), and
Arsenic (As) for the deep-water core, shown as changes in percent concentration through time.
Red dashed lines represent periods of tephra deposition.
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Figure 5c: XRF Data for Rubidium (Rb), Strontium (Sr), Yttrium (Y), and Zirconium (Zr) for
the deep-water core, shown as changes in percent concentration through time. Red dashed lines
represent periods of tephra deposition.
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Figure 6a: Elements with distinct peaks in tephra layers. Red dashed lines represent tephra
layers. Aluminum (Al), Potassium (K), Iron (Fe), Copper (Cu), Rubidium (Rb), Titanium (Ti),
Silicon (Si), and Yttrium (Y).
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Figure 6b: Elements with pronounced decreases in concentrations in tephra layers, Strontium (S)
and Calcium (Ca)
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Figure 7: Principal component analysis for elemental composition of calcium, strontium, silica,
manganese, titanium, iron, sulfur, aluminum, potassium, zirconium, zinc, and light elements.
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Magnetic Susceptibility
Magnetic susceptibility analysis displayed relatively high values at A.D. 1173 and 1318
(Figure 8). Results are reported in dimensionless SI units that are relative to the core scanner.
Values peaked at 0.04098 SI 10-6 in A.D. 1173 and 0.017550 SI 10-6 in A.D. 1318. Variance in
other parts of the core is minimal and did not exceed .0035 SI 10-6.
Loss-on-Ignition
Loss-on-ignition results are shown as percent material lost for burns at 550 °C, 1000 °C,
and the final residual matter (Figure 9). Percent material lost for the 550 °C burn displayed
average values from A.D. 933-1100. Values dropped significantly in the tephra layer at A.D.
1095. Values rose back to 10% following this tephra layer and dipped to 6% at A.D. 1192. The
values began to increase, peaking at 13% at A.D. 1240, before dropping significantly in the
second tephra layer at A.D. 1277. After this second tephra layer, values again rose back to
average values, staying above 10% while generally increasing from A.D. 1300-2013. The most
significant decrease in these values during this period was at A.D. 1880, where values decreased
by 5%. For the 1000 °C burn, values at the beginning of the record were generally low at less
than 5%, before increasing to 23% at A.D 1070. Values then decreased to 0% at the tephra layer
at A.D. 1095. Values between A.D. 1095 and 1277 displayed a similar trend as the 550 °C
values, displaying generally elevated values surrounding a low point at A.D. 1240. Values once
again were 0% at the second tephra layer A.D. 1277. After this second tephra layer, values rose
to 16% at A.D. 1315. Values from A.D. 1330 and 1556 were relatively constant and stayed
between 10 and 12%. Values then rose to 21% at A.D. 1590. Values were consistent between
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A.D. 1620 and 1685, staying between 10 and 11%. Values then rose to 16% at A.D. 1766 before
steadily decreasing to 1.5% A.D. 1890. Values then steadily increased to 14% from A.D. 19002013. Changes in residual matter were opposite of the changes observed for the 1000 °C burn.
Scanning Electron Microscopy, X-ray Diffraction, and Energy-Dispersive X-ray Spectroscopy
Aragonite was identified as the precipitating calcium carbonate mineral through SEM,
XRD, and EDS analysis. Euhedral needle-like crystal morphology was observed for analyzed
carbonates in SEM images (Figure 10), suggesting endogenic aragonite that is not detrital in
nature (Ni & Ratner, 2014). No calcite was observed in any of the sub-samples imaged. The
presence of diatoms was also observed with SEM imaging. Spectral peaks from EDS analysis
show highest intensities in the calcium spectrum (Figure 11). Pronounced peaks in the aragonite
spectrum and absence of peaks in the calcite spectrum were observed in all sub-samples analyzed
via XRD (Figure 12).
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Figure 8: Magnetic Susceptibility for deep water core. Top graph shows magnetic susceptibility
as a function of depth. Bottom graph shows magnetic susceptibility as a function of age. Red
lines in top graph indicate tephra deposits. Red boxes in bottom graph highlight tephra layers.
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Figure 9: Loss-on-ignition results from the deep-water core, shown as percent material lost from
each burn and residual matter. Red dashed lines indicate tephra layers.
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Figure 10: SEM images showing euhedral aragonite crystals. Images taken from A-15 5-5.25 cm
in top row and bottom left. Image taken from A-15 28-28.25 cm in bottom right.
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Figure 11: EDS analysis from selected location on aragonite crystal in sample A-15 5-5.25 cm.
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Figure 12: XRD spectrum from sample A-17 20-20.2 cm shown in black compared to aragonite
and calcite spectrums. All 5 sub-samples analyzed showed high correspondence with of peaks in
the aragonite spectrum and lack of peaks in the calcite spectrum.
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δ18O Carbonate Record
The δ18O values for the deep-water composite core (Figure 13) ranged from -8.16‰ to
0.28‰, with an average value of -2.68‰. The base of this record has relatively low values at
5.58‰. Between A.D. 940-1300 there is a general trend of increasing in δ18O values. The δ18O
values first decline at A.D. 1020, with the lowest δ18O values of this record occurring at A.D.
1035, before sharply rising to above average levels by A.D. 1050. δ18O values began to increase
again at A.D. 1150, peaking at the highest observed value of 0.28‰ around A.D. 1200 before
returning to slightly above average levels by A.D. 1240. Values decreased between A.D. 13001475 to slightly below average levels and were moderately consistent through this time. δ18O
values generally increased between A.D. 1475-1640, reaching -0.4‰ at A.D. 1560, and began
decreasing around A.D. 1605, returning to slightly above average values by around A.D. 1640. A
rapid decrease in δ18O values occurred starting just after A.D. 1640 and continued until returning
to average levels at A.D. 1710. The period of A.D. 1710-1850 experienced highly variable
conditions, with peaks in δ18O values occurring around A.D. 1735, 1175, and 1810, punctuated
by periods of moderately low δ18O values. After A.D. 1810, δ18O values began to decline until
A.D. 1860. δ18O values generally increased between A.D. 1860 and 1994, reaching above
average levels. The youngest part of this record from A.D. 1994-2013 saw a steady decline in
δ18O values.
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Figure 13: δ18O values for deep-water core (grey). Black line represents 5 point moving average.
Dotted grey line represents average δ18O value of -2.68‰.

DISCUSSION
Using Isotopes for Investigating Hydroclimate
Isotopic Fractionation
Stable isotopes refer to atoms with the same number of protons and a different number of
neutrons that do not decay. These differences lead to isotopic fractionation, in which one of the
isotopes becomes enriched relative to the other through a phase change. Evaporation and
condensation are physical processes that both result in isotopic fractionation. This fractionation
occurs due to differences in mass or chemical bond strength, as bonds involving lighter isotopes
are typically easier to disintegrate (Gat, Mook, & Meyer, 2000). Therefore, heavier isotopes tend
to concentrate in the more tightly bound or condensed phase (Hoefs, 2009; Moore, Kuang,
Blossey, Kuang, & Blossey, 2013). For example, because 18O is heavier than 16O, it is
preferentially incorporated into the more condensed phase. Vapor pressure also controls isotopic
fractionation. For example, H218O also has a lower vapor pressure than H216O, and therefore
evaporates less easily. Isotopic fractionation can occur in equilibrium or non-equilibrium
(kinetic) conditions. Equilibrium fractionation, such the formation of precipitation from an air
mass, occurs when the fractionation is only determined by temperature (Caporaletti, 2017; Gat
1996). Kinetic fractionation, such as evaporation, occurs during unidirectional processes that are
not in equilibrium.
When using isotopes to investigate hydroclimate, it is important to understand the
isotopic fractionation related to the water cycle. As water is transported from ocean waters to
lake systems, it undergoes multiple phase changes and therefore multiple isotopic fractionations.
Initial δ18O values are related to the δ18O of the source water it originates from, typically the
ocean. As this ocean water changes phases from a liquid to a gas during evaporation, it
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experiences kinetic fractionation. Evaporation preferentially removes the lighter 16O from the
ocean water, forming water vapor with lower δ18O than the original source water. Condensation
of this air mass back into a liquid is an equilibrium fractionation process. The heavier 18O isotope
is preferentially concentrated into the more condensed phase, and results in precipitation with
higher δ18O than its source air mass. This process of air masses becoming depleted in heavier
isotopes when forming precipitation is called Rayleigh Distillation. Once meteoric water falls as
precipitation and enters a lake system, evaporation of surface water can lead to further changes to
isotopic composition, again preferentially removing the lighter 16O isotope. The final
fractionation in this system occurs during the precipitation of endogenic minerals.
Drivers of Lake Asososca Isotopic Variability
In order to confidently interpret δ18O variations from endogenic minerals, an interpretive
model must be developed. The first aspect of this isotopic system is the composition of the
meteoric precipitation. Different moisture sources can have distinct isotopic compositions.
Therefore, changes in the region that meteoric precipitation is originating from can impact the
isotopic composition (Rozanski et al., 1993). In Central America, the majority of precipitation is
derived from the Caribbean Sea (Durán-Quesada et al., 2017). Due to this stable source of
Central American meteoric precipitation, changes in source region or distance travelled by air
masses are not impacting regional δ18O values. There are also observed spatial patterns related to
meteoric δ18O variability known as the altitude effect and continental effect. The altitude effect
occurs due to orographic uplift forcing rainout of air masses leading to more negative δ18O
values at high altitudes, while the continental effect describes the relationship between
decreasing δ18O values with increasing distance from the coast (Rozanski et al., 1993). However,
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these effects would not impact a near-coastal location that is near sea-level over a short time
scale.
The isotopic fractionation associated with evaporation and condensation of water, as well
as the precipitation of endogenic carbonate in a water column, are all influenced by temperature.
Temperature changes have an opposing effect on isotope fractionation in the atmosphere and in
the water column. Oxygen isotope composition of mean annual precipitation will change with a
gradient of +0.6‰/°C in the atmosphere (Dansgaard, 1964). The fractionation between
carbonates and water has a gradient of -0.24‰/°C (Kim & O'Neil, 1997). The net result is an
increase of +0.36‰/°C.
Previous studies have shown that temperature is not a strong modulator of isotopic
fractionation in the tropics (Lachniet, 2009; Rozanski et al., 1993). Seasonally, average monthly
temperature varies by only 2.5 °C (Osborn et al., 2015). Over the past 1,000 years temperature
change throughout the Central America region have been minimal, ranging from 2-3 °C (Richey,
Poore, Flower, Quinn, & Hollander, 2009). A temperature change of 3 °C would only account for
~1.0‰ of δ18O variability (Leng & Marshall, 2004; Sang-Tae Kim, 1997). Over the past 1,000
years, δ18O values varied by 8.16‰ in Lake Asososca. Accounting for changes in temperature
would only explain 12% of observed variability. Modelling studies have confirmed that in
tropical regions, changes in δ18O cannot be explained by changes in temperature alone (Risi,
Bony, Vimeux, & Jouzel, 2010). Temperature effects on δ18O values were therefore not strong
modulators of variations in δ18O values for Lake Asososca.
The δ18O values of meteoric rainfall in the tropics is dominated by the amount effect
(Dansgaard, 1964; Lachniet & Patterson, 2009; Rozanski et al., 1993; Vuille, 2003). The amount
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effect describes the relationship between decreased δ18O values with increased rainfall amount.
Previous studies have observed a 1.24‰ decrease in δ18O for each 100 mm of monthly rainfall
over northern Central America (Lachniet & Patterson, 2009). Progressive rainout of an airmass
as it traverses its course is one of the factors causing the amount effect (Dansgaard, 1964). The
isotopic exchange due to partial evaporation below the cloud base can also contribute to the
amount effect. As precipitation travels from the cloud base to the surface, it can undergo
additional evaporation, driving meteoric rainfall values towards higher δ18O values. In months
with low precipitation, relative humidity will also be low, leading to stronger evaporative
enrichment of rainfall and higher δ18O. Months with high precipitation will experience higher
relative humidity, leading to weaker evaporative enrichment and lower δ18O. Greater
precipitation events also tend to have larger raindrops, which tend to not experience less
evaporation below the cloud base then smaller raindrops. Although recent studies have
questioned the role of the amount effect in explaining daily isotopic variability, these studies
concede that on monthly and longer timescales the amount effect is likely the primary driver of
δ18O variability in precipitation (Sánchez-Murillo et al., 2016). By definition, the amount effect
describes the isotopic depletion experienced during the rainout of a single air mass. However, its
effects can compound over time and cause isotopic variability over inter-annual and greater
timescales.
A lake being open or closed can have a large impact on its isotopic variability, as well as
what the predominant forcing mechanism is. Isotopic variability in open basin lakes is usually
due to changes in temperature and the isotopic composition of precipitation (Leng & Marshall,
2004). Open basin lakes typically see δ18O variations of 1-2‰ through the Holocene (Leng &
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Marshall, 2004). Isotopic variability in closed basin lakes is usually dominated by the balance
between P/E (Leng & Marshall, 2004). Closed basin lakes typically see higher see δ18O
variations of 5-10‰ or greater through the Holocene (Leng & Marshall, 2004). This greater
isotopic variation is due to closed basin lakes experiencing higher amounts of evaporation.
Multiple lines of evidence suggest Lake Asososca acts predominantly as a closed basin
lake. First, surface water samples from the lake plot off the GMWL and on the REL, suggesting
strong influence from evaporation, a characteristic of closed basin lakes. The high δ18O
variations observed in Lake Asososca, 8.16‰ are indicative of closed basin conditions. A
previous study analyzing regional surface and ground waters categorized Lake Asososca as being
a saline lake (Parello et al., 2008). Although there are some lakes in this region that have saline
characteristics due to high amounts of inputs from geothermal saline brines, the salinity of Lake
Asososca is instead due to extensive evaporation (Parello et al., 2008). While this lake is being
recharged by groundwater to some degree, the majority of evidence suggests it acts
predominantly as a closed basin lake.
Evaporation has a major influence on the isotopic composition of any standing body of
water (Leng & Marshall, 2004). Therefore, once meteoric water enters in a lake system, the
isotopic composition can be further altered due to the balance between precipitation and
evaporation (P/E). If a lake experiences higher amounts of evaporation relative to precipitation,
16

O will be preferentially removed from the lake, leading to higher δ18O. As a closed basin

system, isotopic variability in Lake Asososca will be primarily modulated through the balance
between P/E.
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Calcium carbonate stalagmites are commonly used as paleoclimate proxies, as they
incorporate rainfall derived oxygen into precipitated CaCO3, recording changes in δ18O related to
past climates (Lachniet, 2009, 2015). As discussed previously, δ18O variations in precipitation in
the tropics is dominated by the amount effect. Stalagmites are not influenced by secondary
evaporation, and therefore are just recording changes in precipitation δ18O. Multiple speleothem
records from Central America have been developed and interpreted to be representing the
amount effect (Lachniet et al., 2004; Winter et al., 2011). Speleothem records from Chilibrillo
Cave in Panama and Perdida Cave in Puerto Rico showed δ18O variance of 2.17‰ and 1.9‰,
respectively (Lachniet et al., 2004; Winter et al., 2011). The variance experienced in these
records, is minimal compared to the overall variance experienced in Lake Asososca, 8.16‰.
Therefore, although the isotopic composition of meteoric precipitated controlled by the amount
effect is impacting lake δ18O values, it is not the primary driver. This highlights the role of P/E as
the main driver of isotopic variability in Lake Asososca.
The δ18O values of calcium carbonate can also vary due to which polymorph is
precipitating, calcite or aragonite. The 5 subsamples analyzed via XRD and SEM all indicated
that aragonite was the sole precipitating calcium carbonate throughout this record. Aragonite is
therefore assumed to be the only calcium carbonate polymorph precipitating in Lake Asososca
throughout this record. Aragonite typically has δ18O values 0.6‰ higher than equivalent calcite
(Gussone et al., 2005). This offset is due to the difference in vibrational behavior between
aragonite and calcite crystals and the difference in their surface chemistry. If calcium carbonate
did start precipitating as calcite instead of aragonite, the subsequent change in δ18O would only
explain 7% of observed δ18O variability. Precipitation of endogenic calcium carbonate is
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presumed to occur in isotopic thermodynamic equilibrium with the lake water (Leng & Marshall,
2004). Variations in lake water δ18O are therefore recorded in endogenic calcium carbonates, as
they capture the isotopic composition present in the lake water at the time of precipitation. As
discussed previously, this precipitation of calcium carbonate is modulated by temperature,
although temperature changes over the past 1,000 years have been minimal.
Although endogenic carbonate precipitation captures the isotopic composition of the lake
at the time of its formation, it is important to note that the isotopic composition of the lake is an
average over multiple previous years and is autocorrelated, although it is unknown for how long.
Thus, the isotopic signature at any given time is also a factor of the hydroclimate of previous
years. This results in a natural averaging of the isotopic composition over time. Each carbonate
sample was analyzed at 0.2 cm resolution, which corresponds to approximately 4 years of
deposition. The δ18O variations and inferred hydroclimate variations are therefore on decadal
time scales.
Once deposited on the lake bed and buried, it is possible for the calcium carbonate to be
further altered by diagenesis (Swart, 2015). Diagenesis refers to changes that a sediment
undergoes after deposition. These changes or alterations can potentially be caused by
compaction, dissolution, or precipitation of secondary carbonate through diagenetic fluids
(Swart, 2015). However, due to the short timescales and shallow depositional nature of the Lake
Asososca sediment analyzed, diagenesis does not likely play a prominent role in the isotopic
nature of the carbonates. Early diagenesis is not likely to modify δ18O of carbonates if it occurs
at similar temperatures to surface temperature and is in equilibrium with the original pore fluids
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(Garzione, Dettman, & Horton, 2004). Thus, if diagenesis was occurring in the Lake Asososca
sediments, it is not likely to modify δ18O values. No evidence of diagenesis was found.
By fully characterizing the isotopic systematics, the composition of endogenic aragonite
can be used to determine changes in the isotope composition of lake waters. Lake water is
reflecting the isotopic composition of inflowing water as well as the degree of isotopic
enrichment in the lake itself (Gat et al., 2000). From these isotopic variations, inferences about
past hydroclimatic conditions can be made. Both the amount effect, through its control on the
isotopic composition of meteoric precipitation, and the balance between P/E, are driving the
isotopic variability observed in Lake Asososca. Comparison to regional speleothem records
demonstrating the amount effect highlight the role of P/E as the main driver of isotopic
variability in the lake. These two effects work in the same direction and compound upon each
other. Wetter conditions will lead to lower δ18O values in Lake Asososca, due to decreases in
δ18O of the incoming precipitation related to the amount effect and decreases in lake water δ18O
due to an increase in P/E. The opposite will occur during drier conditions, in which incoming
precipitation has higher δ18O due to the amount effect and increases in lake water δ18O due to a
decrease in P/E. Therefore, decreases in δ18O are interpreted to be related to increased
precipitation amount and overall wetter conditions in the region. Increases in δ18O are interpreted
to be related to decreases in precipitation amount and overall drier conditions in the region.
Using δ18O and δ13C to Determine Open or Closed Conditions
The relationship between δ18O and δ13C can be used to infer hydrologically open or
closed lake conditions (Talbot, 1990). Covariant trends in δ18O and δ13C are characteristic of
closed-basin lakes, while open-basin lakes typically display no or very little covariance. High
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correlation values, typically of 0.7, have been previously used as the baseline for categorizing a
lake as closed-basin (Talbot, 1990). The relationship between δ18O and δ13C in a closed-basin
lake is due to hydrological change, vapor exchange, productivity, and carbonate concentration
(Li & Ku, 1997). Covariance of δ18O and δ13C typically occurs due to meteoric water containing
low δ13C dissolved organic carbon values relative to lakes in which primary productivity
enriches the dissolved organic carbon (Li & Ku, 1997). Lakes can shift between hydrologically
open and closed-basin conditions throughout time. Therefore, by determining the correlation
between δ18O and δ13C during selected time intervals, inferences about open or closed-basin
conditions and/or the strength of evaporation on lake hydrology can be made.
Analysis of δ18O and δ13C in Lake Asososca through the last millennium show varying
levels of correlation (Figure 16, 17, 18). This indicates Lake Asososca experienced periods of
more open basin-like conditions and periods of more closed basin-like conditions. Changes in the
groundwater table could cause connections and disconnections with the lake, enhancing open or
closed-basin conditions.

Calcium Carbonate Precipitation
Aragonite was identified as the calcium carbonate polymorph precipitating in Lake
Asososca, as indicated by SEM, XRD, and EDS analysis. There are multiple factors that could
be causing aragonite to precipitate instead of calcite in Lake Asososca. A previous study
analyzing surface waters of Lake Asososca allows us to investigate the major compositional
characteristics of Lake Asososca surface water and how they could influence calcium carbonate
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precipitation (Parello et al., 2008). The presence of magnesium (Mg2+) in solution has been
shown to inhibit calcite precipitation, via absorption of hydrated magnesium on calcite surfaces,
while having no impact on aragonite precipitation (Davis, Dove, & De Yoreo, 2000). The
previous study found Lake Asososca had relatively high Mg2+ concentrations of 103 mg/l.
Therefore, the presence of high amounts of Mg2+ in Lake Asososca is likely contributing to the
precipitation of aragonite. Sulfate (SO42-) inhibits both aragonite and calcite precipitation, but
retards calcite formation to a greater degree, therefore favoriting aragonite precipitation (Walter,
1986). Lake Asososca SO4 levels were 76.5 mg/L, also potentially contributing to aragonite
precipitation. Temperature can also impact which calcium carbonate polymorph precipitates,
with higher temperatures favoring aragonite (Walter, 1986). Lake Asososca had observed surface
water temperatures of 31.8 °C. This relatively high surface water temperature could also be
contributing to aragonite precipitation.
In order to fully characterize the nature of endogenic aragonite precipitation, further
study would be required. However, aragonite precipitation is hypothesized to be caused by
changes in lake water chemistry modulated by biologic activity. Higher amounts of
photosynthesis associated with increased biologic activity would reduce CO2 levels and increase
pH levels, therefore potentially inducing aragonite precipitation (Zhu & Dittrich, 2016). As the
Tropics lack profound seasonality, photosynthesis due to biologic activity is assumed to occur
year-round, leading to the assumption that carbonates also precipitate year-round. The high
amounts of dissolved Ca (21.7 mg/L) and HCO3 (770 mg/L) present in Lake Asososca surface
waters suggests that the concentration of these elements are not likely a limiting factor for
aragonite precipitation (Parello et al., 2008). The Ca necessary for carbonate precipitation is
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potentially a product of weathering of the surrounding tuff ring and bed rock. These sources are
of andesitic and rhyodacitic composition, respectively, and therefore contain plagioclase
(NaAlSi3O8-CaAl2Si2O8) which has varying amounts of Ca.
Comparing changes in calcium and carbonate content to changes in the concentration of
elements that represent detrital sediments further supports the endogenic nature of these
carbonates. A principal component factor representing elements common in detrital sediments,
potassium, aluminum, titanium, iron, and silica, was compared to changes in XRF calcium
concentrations, LOI estimated percent carbonate, and δ18O record (Figure 14). Comparison of
XRF calcium concentrations to PC factor 1 reveal intervals of moderate correspondence. Some
of this correspondence is likely due to calcium eroding from feldspars present in the catchment,
causing it act as another detrital tracer. No relationships are observed between PC factor 1 and
estimated percent carbonate or the δ18O record. As there is no surrounding carbonate bearing
rocks, such as limestone, surrounding Lake Asososca, carbonate input from a terrigenous source
is unlikely.
Potential Influence from Geothermal Groundwaters
This region is an active site of widespread volcanism (Walker, 1984). Therefore, there is
a potential impact on surface and ground water chemistry due to anomalous heating or mixing
with hydrothermal fluids (Burkart & Self, 1985; Parello et al., 2008). Parello et al. 2008 grouped
surface waters in the Managua region based total dissolved solid (TDS) content and elemental
concentrations. Lake Asososca had a TDS of 1513 mg/L, which met the criteria of TDS levels of
1500 mg/L to be classified as a saline lake. Parello et al. 2008 stated that these saline lakes in the
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Figure 14: PC Factor 1 compared to changes in percent calcium (top), δ18O record
(middle), and percent estimated carbonate (bottom)
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region were most likely receiving underground recharge from saline groundwaters, as this group
had surface waters compositions that were similar to regional saline geothermal waters.
However, it is possible that the chemical composition of some of the lakes in this category is due
to high amounts of evaporation rather than the input of saline geothermal fluid (Parello et al.,
2008).
The high TDS levels observed in Lake Asososca are likely a result of high amounts of
evaporation. The saline geothermal brines in the region and the saline lakes they impacted
characteristically had very high Cl levels, typically above 2000 mg/L and reaching as high as
3,459 mg/L (Parello et al., 2008). Lake Asososca had levels of only 239 mg/L, significantly
lower than the saline geothermal brines sampled in the region. On a ternary plot of major cations
Cl, SO4, and HCO3, the Lake Asososca water samples are an obvious outlier from the saline
lakes group and plot much closer to meteoric water samples than saline geothermal brines.
If the addition of geothermal fluids were altering in the isotopic composition of Lake
Asososca, significant deviations in δ18O and δ2H values relative to other lakes waters from the
region would be expected. The high similarity of Lake Asososca δ18O and δ2H values with other
regional lakes that are not influenced by geothermal groundwaters (Figure 4) suggests that
geothermal groundwater is not impacting lake isotopic composition. Boiling of geothermal
waters can cause a drastic decline in CO2 partial pressures, leading to carbonate precipitation
(Arnorsson, 1989). However, the presence of correspondence between the Lake Asososca record
and other regional hydroclimatic records suggests that a climatic record is being recorded. If
carbonates in Lake Asososca originated in geothermal groundwaters, the similarities between the
Lake Asososca and other regional records would likely not occur.
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Hydroclimate Variability
The MCA and the LIA are two anomalous climatic periods over the last millennium.
These periods are believed have occurred as a result of changes in solar activity, volcanic aerosol
content, or both. Solar activity and aerosol content lead to changes in atmospheric circulation
dynamics and therefore hydroclimate (Graham, Ammann, Fleitmann, Cobb, & Luterbacher,
2011). The Lake Asososca record spans both of these time periods and adds to the knowledge of
regional hydroclimate response during the MCA and LIA.
Hydroclimate Variability During the MCA
The MCA occurred from A.D. 950-1250 (Mann, 2009). It is a period characterized by
warmer than average surface temperatures in the Northern Hemisphere and large-scale shifts in
circulation patterns in the North Atlantic region, hypothesized to be caused by high solar
irradiance and a decrease in volcanic activity (Crowley, 2007; Steinhilber, Beer, & Fröhlich,
2009). Global response to this climatic period was spatially variable, as some areas, such as the
eastern equatorial pacific, were actually cooler during this time period (Graham et al., 2011).
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The Lake Asososca record shows an overall trend from wetter to dry conditions
throughout the MCA (Figure 15). The lowest δ18O values and therefore wettest conditions
observed in this record occurred from approximately A.D. 1020-1050. The period after A.D.
1060 experienced predominantly dry conditions. The highest δ18O values and therefore driest
conditions are also observed during the MCA, reaching values of 0.28‰ at A.D. 1200. Both the
highest and lowest δ18O values of the Lake Asososca record occur during the MCA, suggesting
the driest and wettest conditions occurred during this time period. Analysis of δ18O and δ13C
during this time period display moderate correspondence (r2 = 0.39) indicating moderately closed
lake basin conditions (Figure 16). During the MCA-LIA transition period between A.D. 12501400, δ18O values indicate a trend towards wetter conditions.

Figure 15: Lake Asososca δ18O record with highlighted climatic intervals. MCA shown
in blue (A.D. 950-1250). Transitional period between MCA and LIA shown in yellow
(A.D. 1250-1400). LIA shown in red (A.D. 1400-1850). Post-LIA period shown in grey
(A.D. 1850-2013).
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Figure 16: δ18O and δ13C correspondence during the MCA. Red line shows linear
regression for values. Red text shows r2 values from linear regression and slope of linear
regression line.
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Hydroclimate Variability During the LIA
The LIA is generally considered to span from A.D. 1400-1850. This interval is
characterized by lower solar irradiance, highlighted by solar minimums such as the Maunder
minimum, and high atmospheric aerosol concentrations as a result of increased
volcanic activity (Yan et al., 2015). Temperature reconstructions indicate that the Northern
Hemisphere was 0.6-0.8 °C cooler during this time (Mann & Bradley, 1999). Much like during
the MCA, changes in surface temperature were spatially variable. In the Caribbean cooling
during the LIA was estimated to be between 2-3 °C, much cooler than the Northern Hemisphere
average (Richey et al., 2009).

The Lake Asososca record shows highly variable conditions during the LIA (Figure 15).
δ18O values suggest wetter conditions towards the start of this period that trended towards drier
conditions, peaking between A.D. 1550-1600. This was followed by a transition to wetter
conditions from A.D. 1600-1700. The end of the LIA from A.D. 1700-1850 was characterized by
highly variable conditions that suggest alternating wetter and drier conditions. Analysis of δ18O
and δ13C during this time showed very low correspondence (r2 = 0.09) indicating open-basin
conditions (Figure 17).
Hydroclimate Variability from A.D. 1850-2013
Following the LIA, the Lake Asososca record consistently trended towards drier
conditions (Figure 15). Analysis of δ18O and δ13C during this time period displayed high
correspondence (r2 = 0.69) indicating closed lake basin conditions (Figure 18). This was the
highest correlation between δ18O and δ13C seen throughout the record.
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Figure 17: δ18O and δ13C correspondence during the LIA. Red line shows linear regression for
values. Red text shows r2 values from linear regression and slope of linear regression line.
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Figure 18: δ18O and δ13C correspondence from the end of the LIA to modern. Red line shows
linear regression for values. Red text shows r2 values from linear regression and slope of linear
regression line
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Wet-MCA Dry-LIA Regional Pattern
Multiple proxy records from Central America have indicated persistently wetter
conditions during the MCA and drier conditions during the LIA (Hillesheim et al., 2005; Stansell
et al., 2013) prompting characterization of a wet-MCA dry-LIA pattern over Central America
(Metcalfe et al., 2015). These records are discussed in further detail in the “Comparison to
Regional Records” section. The Lake Asososca record diverges from the observed wet-MCA
dry-LIA pattern over Central America. Wetter conditions do occur during the beginning of the
MCA, but trend towards drier conditions and remain dry throughout the majority of the MCA.
Although the Lake Asososca record does display periods of dry conditions during the LIA, it is
frequently punctuated by intervals of wetter conditions, and is better characterized as highly
variable than dry. There are other regional records from Central America that also diverge from
the wet-MCA dry-LIA pattern (Lachniet et al., 2004; Winter et al., 2011). This suggests
hydroclimate changes during the past millennium were likely more spatially variable than
previously hypothesized.

Comparison to Modes of Variability
Comparison to ENSO
Using a global proxy network, Mann et. al. (2009) created surface temperature
reconstructions that spanned that last 1,500 years. Temperature reconstructions from the Nino3
region (5°N-5°S, 170°W-120°W) were then used to reconstruct ENSO variability. El Niño events
are indicated by temperature increases in the region, while La Niña events are marked by
temperature decreases. Our modern understanding of ENSO and its impact on Central American
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hydroclimate suggests that El Niño events (positive Nino3 temperature anomalies) lead to drier
conditions while La Niña events (negative Nino3 temperature anomalies) lead to wetter
conditions (Covey & Hastenrath, 1978; Giannini et al., 2000).
Similar trends exist between this ENSO reconstruction and the Lake Asososca record at
distinct time intervals (Figure 19). The MCA was a period of more La Niña like conditions, yet
the Lake Asososca record was dominantly drier. The LIA was a period of more El Niño like
conditions, yet the Lake Asososca record was highly variable with multiple wet periods. The
highest correspondence between ENSO and the Lake Asososca record appears to occur during
shifts to drier conditions. Three periods, A.D. 1030-1100, A.D. 1430-1550, and A.D. 1830-2013
all show increasing El Niño like conditions and a shift to drier conditions in the Lake Asososca
record (Figure 19). Some El Niño shifts, such as from A.D. 1300-1350, did not induce changes
in the Lake Asosoca record. The Lake Asososca record response to ENSO events therefore
seems to vary over time, with some periods of moderate correspondence and other periods of
little to no response.
Although ENSO events only occur every 3-5 years and only last between 9-12 months
(An & Wang, 2000), longer term shifts in ENSO conditions over a prolonged period of time
appear to impact this record. Individual ENSO events are unlike to have an impacted the Lake
Asosoca record. Each carbonate sample analyzed is likely capturing decadal scale changes. Thus,
relatively short-term hydroclimate events such as a single ENSO event are unlikely to impact the
Lake Asososca record. However, long term shifts in ENSO to a more El Niño like mean state
appear to have influenced drier hydroclimate conditions during certain intervals over the last
millennium.
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Figure 19: Lake Asososca δ18O record and Mann et. al. 2009 ENSO reconstruction. Lake
Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O values
while black line shows 5 point moving average. Mann et. al. 2009 ENSO reconstruction is
plotted on right y-axis. Light red line represents annual temperature anomalies while dark red
line shows 5 point moving average.

Figure 19b: Same as Figure 19, with highlighted intervals of A.D. 1030-1100, A.D. 1430-1550,
and A.D. 1830-2013.
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Comparison to the NAO
Trouet et. al. (2009) reconstructed the NAO using a tree-ring record from Morocco and a
speleothem record from Scotland. These two proxies represent the Azores High and Icelandic
Low, respectively, which compose the dipole that makes the NAO (Trouet et al., 2009). In
Central America, +NAO phases are associated with drier conditions, while -NAO phases are
associated with wetter conditions (Giannini et al., 2001). When compared to the Lake Asososca
record, there is moderate correspondence observed from A.D. 1050-1400 (Figure 20). Positive
z-scores represent +NAO Phases while negative z-scores represent -NAO phases. The dry
conditions experienced from A.D. 1055-1400 occur during a period of consistently +NAO
phases. This is the only interval over the past millennium with observed correspondence between
the NAO and the Lake Asososca record. Multiple periods of pronounced shifts in the NAO, such
as A.D. 1400-1450 and A.D. 1900-2000, occur during periods of minimal change in the Lake
Asososca record. The NAO enters into phases, rather than distinct events, with periods of
approximately 3-6 and 8-10 years (Olsen et al., 2012). Therefore, it is unlikely that any potential
NAO signal is being averaged out of the record. The presence of a period of high correspondence
between the Lake Asosoca record and the NAO suggests that from A.D. 1025-1400, SLP
gradients across the Atlantic were impacting this record.

71

Figure 20: Lake Asososca δ18O record and Trouet et. al. 2009 NAO reconstruction. Lake
Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O values
while black line shows 5 point moving average. Trouet et. al. 2009 NAO reconstruction is
plotted on right y-axis. Blue line shows changes in NAO z-scores.

Figure 20b: Same as Figure 20, with highlighted interval of correspondence from A.D. 10501400
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Comparison to the AMO
Gray et. al. 2004 reconstructed the AMO from A.D. 1567-1990 using multiple tree-ring
records from across the North Atlantic. Positive AMO index values correspond to positive AMO
phases and warmer North Atlantic SSTs, while negative AMO index values correspond to
negative AMO phases and colder North Atlantic SSTs. When compared to the Lake Asososca
record, high correspondence is apparent throughout the majority of the reconstruction (Figure
21). From A.D. 1600-1900, shifts in the AMO generally track with the Lake Asososca record.
The only periods of this reconstruction that do not seem to correspond with the Lake Asososca
record are A.D. 1567-1600 and A.D. 1925-2013. The high correspondence between the AMO
and the Lake Asososca record indicates that, at times, Atlantic SSTs have been either driving or
responding to the same forcing as the Lake Asososca record.
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Figure 21: Lake Asososca δ18O record and Gray et. al. 2004 AMO reconstruction. Lake
Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O values
while black line shows 5 point moving average. Gray et. al. 2004 AMO reconstruction is plotted
on right y-axis. Light green points and line represents annual temperature anomalies while dark
green line shows 5 point moving average.

Figure 21b: Same as Figure 21, with highlighted interval of A.D. 1600-1900
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Intervals of Correspondence
When the timing of correspondence for each mode of ocean atmosphere variability is
compared, there appears to be distinct intervals in which an individual mode emerges as the
dominant influencer of the Lake Asososca record (Figure 22). This suggests, that at different
times, changes in SSTs and SLP in both the Pacific and Atlantic Ocean basins are influencing
regional hydroclimate. From A.D. 1025-1100, there is high correspondence between ENSO and
the Lake Asososca record. A period of positive NAO conditions and drier conditions in the Lake
Asososca record is observed from A.D. 1050-1400. This is followed by another phase of ENSO
correspondence from A.D. 1425-1550. The period of A.D. 1600-1900 saw the Lake Asososca
record generally track with the AMO. The end of the record from A.D. 1840-2013 saw another
interval of correspondence with ENSO. Although there are some periods of overlap between
these intervals of correspondence, such as A.D. 1050-1100, when one mode of variability is
corresponding with the Lake Asososca record, it tends to be the only mode.
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Figure 22: Lake Asososca record compared with all three modes of variability. Blue columns
show intervals of correspondence.
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Comparison to Solar Variability
Multiple studies investigating climate dynamics have invoked solar variably to explain
changes. In order to assess the potential role of solar variability in influencing the Lake Asososca
record, we compare it to reconstructions of sunspot numbers and total solar irradiance. As
discussed previously, sunspot numbers and TSI are simply different ways of showing changes in
solar variability. Usoskin et. al. 2014 reconstructed sunspot numbers using 14C data
archaeomagnetic data.
Higher sunspots correspond to high solar activity. When compared to the Lake Asososca
record, there is high correspondence (Figure 23). Periods of high sunspot numbers are associated
with drier conditions, while periods of low sunspot numbers are associated with wetter
conditions. The only major shift in sunspot number that does not see a corresponding shift in the
Lake Asososca record occurs from A.D. 1335-1450. Bard et. al. 2003 reconstructed TSI via
cosmogenic nuclides. Correspondence between the Lake Asososca record and TSI
reconstructions are also high (Figure 24).
The Lake Asososca record and solar variability reconstructions, with highlighted solar
minima and maxima, are shown in Figure 25 (Usoskin et al., 2007). Solar minima are defined as
periods when the sunspot number is less than 15 during two consecutive decades. Solar maxima
are defined as periods when the sunspot number exceeds 50 during two consecutive decades.
These events are not random, but rather controlled by intrinsic processes. The two periods of
grand maxima occur during periods or drier conditions in the Lake Asososca record. The periods
of grand minima tend to correspond to wetter conditions, but not always, such as the during the
Dalton Minimum from A.D. 1790-1820.
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Figure 23: Lake Asososca δ18O record and Usoskin et. al. 2014 sunspot reconstruction. Lake
Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O values
while black line shows 5 point moving average. Usoskin et. al. 2014 sunspot reconstruction is
plotted on right y-axis. Light orange line represents sunspot numbers while dark orange line
shows 5 point moving average.

Figure 24: Lake Asososca δ18O record and Bard et. al. 2003 TSI reconstruction. Lake Asososca
δ18O values are plotted on left y-axis. Grey points represent individual δ18O values while black
line shows 5 point moving average. Bard et. al. 2003 TSI reconstruction is plotted on right yaxis. Light red line represents TSI while dark red line shows 5 point moving average.
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Figure 25a: Lake Asososca δ18O record (Top), Bard et. al. 2003 TSI reconstruction (Middle) and
Usoskin et. al. 2014 sunspot reconstruction (Bottom). Red columns highlight periods of solar
grand maximums. Blue columns highlight periods of solar grand minimums.
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Figure 25b: Lake Asososca δ18O record (Top), Bard et. al. 2003 TSI reconstruction (Middle) and
Usoskin et. al. 2014 sunspot reconstruction (Bottom) (Bard et al., 2000; Usoskin, 2014). Yellow
columns highlight intervals with similar trends.
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While the relationship between modes of ocean-atmosphere variability and hydroclimate
conditions in Central America can be explained via known changes in atmospheric circulation or
SST temperatures, the relationship between solar variability and hydroclimate is rather complex.
Although the mechanism for a direct link between Central American hydroclimate and solar
variability is not yet fully understood, the high correspondence between sunspot and TSI
reconstructions and the Lake Asososca record is intriguing, and merits further investigation. The
most substantial correspondence between the Lake Asososca record and solar variability appears
to occur during prolonged shifts, when the sun enters into modes of grand maxima or grand
minima. The role of solar variability and hypotheses on how it may impact Central America
hydroclimate are discussed further in the “Potential linkages” section.

Nicaragua Paleoclimatic Records
Multiple paleoclimate proxy records have been developed from Nicaragua (Avnery et al.,
2011; Slate et al., 2013; Urquhart, 2009). However, the temporal resolution of these records is
not high enough to assess centennial to subdecadal-scale hydroclimate variability over the Late
Holocene. A 1400-year record of fire history and environmental change was produced from
Ometepe Island on Lake Nicaragua via charcoal content, therefore, the paleoclimatic signal in
the record was frequently obfuscated by anthropogenic burning events (Avnery et al., 2011).
Wavelet Analysis on this record indicated that that drought may have been induced by severe
ENSO events and the 11 year solar cycle (Avnery et al., 2011). A multiproxy analysis was
performed on sediment cores from Lake Nicaragua (Slate et al., 2013). This record was
influenced by agriculture, tectonic activity, and climate change, and showed a general drying
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trend over the last 5,700 years (Slate et al., 2013). The paleoclimatic signals form this record are
of coarse resolution, showing changes over thousands of years. Sediment cores from Laguna
Negra were studied with a focus on the relationship between hurricane events and forest
regeneration and therefore do not provide insight into hydroclimate variability (Urquhart, 2009).

Comparison to Regional Records
By comparing the Lake Asososca record to regional records from various proxies across
Central America, we can gain a greater understanding on the spatial patterns of past
hydroclimate changes. Figure 26 show the location of the regional records discussed, as well as
their proxy type.
El Gancho
Stansell et. al. 2013 measured δ18O values from ostracod carapaces from Lago El Gancho
to reconstruct precipitation changes during the MCA and LIA. El Gancho is a small closed-basin
lake that formed on a peninsula within Lago Nicaragua (Figure 27). These lakes are not
connected by surficial flow (Stansell et al., 2012). When compared to the Lake Asososca record
(Figure 28) there is little covariance. The main similarities between these two records is their
relatively stability during the MCA-LIA transition period (A.D. 1250-1400) and trend towards
drier hydroclimate after the LIA. As a closed-basin lake, the El Gancho record is interpreted to
be predominantly influenced by P/E, as is the Asososca record. Thus, the stark differences in
these two similar records that are only 100 km apart merits further discussion.
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Figure 26: Location of regional records. Red dots indicate sediment core records. Yellow dots
indicate speleothem records
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Figure 27: Map showing location of Lago El Gancho in relation to Lago Nicaragua.
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Figure 28: Lake Asososca δ18O record and Stansell et. al. 2012 Lago El Gancho δ18O record.
Lake Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O
values while black line shows 5 point moving average. Horizontal dotted black line shows
average value for the record. Lago El Gancho δ18O record is plotted on right y-axis. Light red
line represents δ18O while dark red line shows 5 point moving average. Horizontal dotted red line
shows average value for the record.

Both lakes are in the same geographic region and are hypothesized to be recording the
same climatic signature, therefore, another mechanism must be invoked to explain interlake
variability in δ18O values. Although there is no evidence of surficial flow connecting El Gancho
and Lago Nicaragua, it is possible that these lakes are connected via sub-surficial flow. If this is
the case, the isotopic signature being recorded by El Gancho would also be influenced, and likely
to a high degree, by the much bigger Lago Nicaragua. Lago Nicaragua is approximately 8,000
km2 in size. Such a massive lake has much greater residence times and different basin
morphology. Lago Nicaragua is also an open basin lake that is underlain by multiple fault zones
and volcanoes, which could potentially impact the δ18O value of the lake (Slate et al., 2013).
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Therefore, the δ18O values are likely different than that of a small closed-basin lake. If El
Gancho is hydrologically connected to Lago Nicaragua, it could explain some of the
dissimilarities with the Lake Asososca record. A paleolimnological record has been published
out of Lake Nicaragua, but this record does not reconstruct hydroclimate at a resolution relevant
to this study (Slate et al., 2013). Parts of this Lago Nicaragua record were interpreted to be
caused by changes in basin morphology related to tectonic activity, which could complicate its
isotopic record and therefore potentially the El Gancho record (Slate et al., 2013).

Cariaco Basin
The Cariaco Basin is an anoxic marine basin, located on the northern shelf of Venezuela.
The basin is located at the northern edge of the annual ITCZ migration. During the rainy season,
the ITCZ is nearly directly over the basin, leading to high amounts of rainfall. During the dry the
ITCZ is further south and does not contribute rainfall to the region. Thus, the Cariaco Basin is
interpreted to represent changes in the mean latitudinal position of the ITCZ (Haug et al., 2001).
Haug et. al. 2001 produced a record of ITCZ variability by analyzing bulk titanium
content from the Cariaco Basin, which represents terrigenous sediment input. High titanium
concentrations are therefore interpreted to represent higher rainfall amounts. When compared to
the Lake Asososca record, these records display moderate correspondence (Figure 29). Both
records display similar timing and direction of shifts at the start of the Lake Asososca record
from A.D. 950-1100. Correspondence is limited between A.D. 1100-1400 with these records
diverging. Both records indicate trend towards drier conditions starting at A.D. 1400 followed by
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Figure 29: Lake Asososca δ18O record and Haug et. al. 2001 Cariaco Basin titanium
record. Lake Asososca δ18O values are plotted on left y-axis. Grey points represent
individual δ18O values while black line shows 5 point moving average. Horizontal dotted
black line shows average value for the record. Haug et. al. 2001 Cariaco Basin titanium
record is plotted on right y-axis. Light blue line shows titanium percentage while dark
blue line shows 5 point moving average. Horizontal dotted blue line shows average
value for the record.

a shift towards wetter conditions during the Maunder Minimum from A.D. 1650-1700, before
shifting back to drier conditions. The high correspondence observed between these two records
over the last millennium suggest a potential linkage in forcing mechanisms. A more northerly
ITCZ could cause wetter conditions in both the Cariaco Basin and Lake Asososca.
Perdida Cave
Winter et. al. 2011 reconstructed rainfall variability over the western tropical Atlantic by
analyzing δ18O from a speleothem in Perdida Cave, Puerto Rico. The δ18O of this speleothem is
predominantly controlled by the isotopic composition of rainwater (Winter et al., 2011). This
reconstruction spans from A.D. 1200-2000. When compared with the Lake Asososca record,

87
high correspondence is observed (Figure 30). Both records shown a general trend towards wetter
conditions from A.D. 1300-1500, before a shift to wetter conditions peaking from A.D. 16501700. This period was followed by a trend back towards drier conditions. The Perdida Cave
record then shows highly variable conditions started at A.D. 1900 while the Lake Asososca
record consistently trends drier conditions during this time.
While there is high correspondence between these two records in their timing and
direction of hydroclimate shifts, the magnitude of these shifts is much higher in the Lake
Asososca record. The Perdida Cave speleothem record is recording the δ18O of regional
precipitation, while the Lake Asososca record is recording the δ18O of regional precipitation,
with additional effects from the balance between P/E. Thus, the additional isotopic fractionation
of the lake water due to P/E is causing the higher magnitude of isotopic variability. The
agreement between the Perdida Cave and Lake Asososca records supports the hypothesis that
both are recording changes in the δ18O value or regional precipitation. Wetter conditions would
cause lower δ18O values in precipitation. Wetter conditions would also cause an increase in P/E,
further lowering δ18O values of lake waters. The Perdida Cave record has been tentatively
suggested as a reconstruction of the AMO, which would extend our knowledge of this mode of
ocean-atmospheric variability back to A.D. 1200. If this holds true, it would further highlight the
apparent strong relationship of the Lake Asososca record to the AMO.
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Figure 30: Lake Asososca δ18O record and Winter et. al. 2011 Perdida Cave δ18O record.
Lake Asososca δ18O values are plotted on left y-axis. Grey points represent individual δ18O
values while black line shows 5 point moving average. Horizontal dotted black line shows
average value for the record. Winter et. al. 2011 Perdida Cave δ18O record is plotted on
right y-axis. Light green line shows δ18O record while dark green line shows 5 point moving
average. Horizontal dotted green line shows average value for the record.

Other Northern Hemisphere Records
Other hydroclimate reconstructions throughout the tropics exist but show poor
correspondence with the Lake Asososca record (Figure 31). Lachniet et. al. 2004 developed a
rainfall history by measuring δ18O values of speleothem calcite from Chilibrillo Cave, Panama.
This record displays an almost inverse relationship with the Lake Asososca record, trending
towards its highest δ18O values while the Lake Asososca record shifts towards its lowest after
A.D. 1000. Aquada X’camaal, located in the Yucatan Peninsula, is a small water body formed in
an “aguada” or water body isolated from regional aquifers. Hodell et. al. 2005 reconstructed
precipitation dynamics from this lake by analyzing δ18O values from ostracod carapaces and
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gastropod shells. This record shows poor correspondence with the Lake Asososca record
throughout the last millennium. X’camaal δ18O values indicated relatively stable hydroclimatic
conditions from A.D. 950-1450, a period in which the Lake Asososca record experiences
substantial changes. Lake Chichancanab is also located in the Yucatan Peninsula. Hodell et. al.
2001 reconstructed hydroclimate by analyzing δ18O values from ostracod carapaces. This record
was interpreted to be influenced by solar forcing (Hodell, Brenner, Curtis, & Guilderson, 2001).
As the Lake Asosoca record also appears to be related to solar variability, correspondence
between these two records would highlight solar variability as a driving mechanism. However,
poor correspondence is shared between these records. Lake Peten-Itza is located in Northern
Guatemala. A record of hydroclimate from Lake Peten-Itza was created analyzing δ18O from
ostracod carapaces and gastropod shells (Curtis et al., 1998). This record also displayed minimal
to no correspondence with the Lake Asososca record. While some regional records, such as the
El Gancho, Cariaco Basin, and Perdida cave records correspond with the Lake Asososca record,
others do not. This could be due to multiple factors, including proxies primarily responding to
local micro-climates instead of regional scale hydroclimate, natural spatial variability, or
temporal inaccuracies due to age models. Regardless, the lack of coherent hydroclimate shifts
throughout the region emphasizes the complexity of hydroclimate in Central America, or proxies
that are not well suited to reconstruct past hydroclimate
Southern Hemisphere Records
Two records from the Southern Hemisphere were also compared with the Lake Asososca
record. Comparing the Lake Asososca record to reconstructions from the Southern Hemisphere
can potentially show how hydroclimate varied between the two hemispheres, and if any
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relationship exists between the two. For example, if mean latitudinal shifts in the ITCZ are
modulating shifts in the Lake Asososca record, an inverse relationship should be observed
between the records from each hemisphere. As the ITCZ shifts south (north) it would lead to
drier (wetter) conditions in the Northern (Southern) hemisphere and wetter conditions in the
Southern (Northern) Hemisphere. Synchronous hydroclimate shifts from records in both the
Northern Hemisphere and Southern Hemisphere would indicate a mechanism other than shifts in
the mean latitudinal position of the ITCZ as the driver of these changes.
Laguna Pumacocha is a small, high altitude lake in the Peruvian Andes. Bird et. al. 2011
analyzed δ18O from endogenic carbonates to reconstruct precipitation changes. This record was
interpreted to represent the intensity of monsoon-related convective activity (Bird et al., 2011).
The Laguna Pumacocha record does not display correspondence with the Lake Asososca record
(Figure 31). South American hydroclimate is strongly influenced by its seasonal monsoon, the
largest of its kind in the Southern Hemisphere (Bird et al., 2011). Although the hydroclimate of
Central America has been previously classified as part of the North American Monsoon system,
the regional impacts of monsoons are less pronounced than in South America (Slingo, 2014).
This difference could potentially account for the lack of correspondence between the two
records, as their regional hydroclimates are dominated by separate mechanisms. Huagapo Cave
is also located in the Peruvian Andes. Kanner et. al. 2013 measured δ18O from a stalagmite. This
record has moderate correspondence with the Lake Asososca record from A.D. 1500 onward
(Figure 32). ENSO was attributed to some of the hydroclimate variability observed in this
record. ENSO has a similar influence on hydroclimate in the Peruvian Andes as it does in
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Figure 31: Asososca δ18O record with other regional proxies. Aguada
X’Camaal – Blue (Hodell et al., 2005). Chilibrillo Cave – Red (Lachniet et al.,
2004). Laguna Pumacocha – Pink (Bird et al., 2011). Peten-Itza – Green
(Curtis et al., 1998). Huagapo Lake Chincanab – Orange (Hodell et al., 2001).
Cave – Purple (Kanner, Burns, Cheng, Edwards, & Vuille, 2013).
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Figure 32: Asososca δ18O record with proxy records from Southern Hemisphere.
Laguna Pumacocha – Blue (Bird et al., 2011). Huagapo Cave – Red (Kanner et al.,
2013).

Central America, with El Niño events causing drier conditions in both regions (Enfield, 1996;
Kanner et al., 2013).Some of the correspondence between these two records is therefore likely
due to the role of El Niño.

These two records from the Southern Hemisphere highlight two main aspects. As
previous studies have suggested (McGee et al., 2014), there is no evidence for large shifts in the
mean-position of the ITCZ over the last millennium. No inverse relationship, with Northern
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Hemisphere records getting drier while Southern Hemisphere records get wetter, is observed.
Although this was a long term trend observed throughout the Holocene due to changes in
insolation (Haug et al., 2001; Kanner, Burns, Cheng, & Edwards, 2012), the last millennium is
characterized by a substantial divergence from this pattern. The Huagapo Cave record does
appear to be influenced in a similar manner to the Lake Asososca record by ENSO, emphasizing
the role of synoptic scale ocean-atmospheric modes of variability in the past millennium.

Potential Linkages
High correspondence was observed between records from Perdida Cave and Cariaco
Basin, as well as reconstructions of total solar irradiance and the AMO. The Cariaco Basin
record has previously been interpreted to represent changes in the ITCZ (Haug et al., 2001),
while the Perdida Cave record was tentatively hypothesized as a reconstruction of the AMO
(Winter et al., 2011). Thus, the high correspondence between these records and reconstructions
suggest a potential linkage between Central American hydroclimate, solar variability, the ITCZ,
and AMO.
Changes in AMOC could potentially provide a mechanism for the synchronous changes
observed in these records. Modelling studies have shown that the Caribbean Sea is a region that
strongly responds to changes in AMOC (Wu et al., 2017). The Atlantic Meridional Overturning
Circulation is hypothesized to be the driving force behind shifts in the AMO (Delworth et al.,
1993). Stronger thermohaline circulation is associated with positive phases of the AMO
(Klotzbach, 2011; Wei & Lohmann, 2012). Positive phases of the AMO are associated with
warmer Atlantic SSTs and wetter conditions in Central America (Seager et al., 2007). A weaker
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AMOC would reduce the southward transportation of cold deep waters, which would need to be
compensated by a reduction in northward atmospheric heat transport (Nyberg et al., 2001a). This
reduction is northward heat transport would result in a southward shift in the ITCZ (Nyberg et
al., 2001a; Saenger, Chang, Ji, Oppo, & Cohen, 2009).
Climatic modelling studies have shown that solar variability can impact the strength of
AMOC. Reductions in solar radiation led to an intensification of AMOC in one modelling study
(Muthers et al., 2016). This intensification of AMOC is attributed to reduced SSTs and enhanced
sea ice formation in the upper North Atlantic Ocean, intensifying deepwater formation (Muthers
et al., 2016). If reduced solar variability causes a stronger AMOC, periods of reduced solar
variability could lead to warmer Atlantic SSTs and changes in interhemispheric heat
transportation that would cause a more northerly ITCZ. Both of these mechanisms would lead to
wetter conditions in Central America. Assuming these relationships hold true, one would expect
to see positive AMO phases, wetter Cariaco Basin conditions, and wetter Lake Asososca
conditions during periods of low TSI, which is observed. A weakened AMOC would have the
opposite impact, and lead to colder Atlantic SSTs, and a more southerly ITCZ, causing drier
conditions in Central America. A weakened AMOC would also induce a strong meridional SST
gradient in the Caribbean (Wu et al., 2017). This stronger SST gradient would strengthen the
CLLJ, further enforcing dry conditions in Central America (Wu et al., 2017). This relationship is
also generally observed, with drier conditions suggested by the Lake Asososca and Cariaco
Basin records, Perdida Cave, and a negative AMO phase occurring during periods of high solar
irradiance. Thus, the relationship between solar variability and AMOC could be one of the
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factors driving the correspondence observed between the Lake Asososca record, Perdida Cave,
Cariaco Basin, TSI, and the AMO index (Figure 33).
Although solar variability can impact the strength of the AMOC, it is important to note
that changes in other external forcings can also influence it. For example, La Niña like
conditions in the eastern equatorial pacific have been linked to a stronger AMOC through
changes in the Southern Hemisphere westerlies (Seager et al., 2007). The NAO has also been
shown to impact AMOC, with positive NAO phases associated with a stronger AMOC (Trouet et
al., 2009). Volcanic eruptions can also strengthen AMOC through direct radiative cooling
(Otterå, Bentsen, Drange, & Suo, 2010). Greenhouse gas concentrations can also impact the
AMOC (Muthers et al., 2016). Increasing greenhouse gas concentrations approaching modern
conditions could potentially explain the highly variable conditions observed after A.D. 1900
(Meinshausen et al., 2017). Due to all of the above factors, the relationship with AMOC to
external forcing is rather complex and nonlinear (Park & Latif, 2012). Still, it appears that
changes in solar variability on sub-centennial and greater timescales, such as periods of grand
minima or maxima, have a high correspondence to shifts in regional hydroclimate of these
records.
The relationship between solar variability and AMOC is still a very active area of
research. While the potential impacts of decreases in solar variability leading to a stronger
AMOC are discussed here, other modelling studies suggest an opposite relationship, with
decreases in solar irradiance leading to a weaker AMOC (Park & Latif, 2012). Further, the
physical linkages between solar variability and its impact on the climate itself is still not fully
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Figure 33: Lake Asososca δ18O record with proxy records from Perdida Cave – Green (Winter et
al., 2011), Cariaco Basin – Blue (Haug et al., 2001), Total Solar Irradiance – Red (Bard et al.,
2000), and the AMO – Orange (Gray, Graumlich, Betancourt, & Pederson, 2004). Yellow bars
highlight periods of similar intervals
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understood. Solar variability may manifest itself on records of hydroclimate variations through
mechanisms other than changes to AMOC. For example, solar variability has also been
hypothesized to influenced Hadley Cell circulation and trade winds, which could also lead to
changes in Central American hydroclimate (Nyberg, Kuijpers, Malmgren, & Kunzendorf,
2001b). While the physical mechanisms causing the changes in unknown, the relationship
between solar variability and hydroclimate is still notable and should be explored further.

CONCLUSIONS
The record from Lake Asososca suggests a shift from wetter to drier conditions during
the MCA. The transition period between the MCA and LIA indicated a small shift towards drier
conditions, although conditions were average. The LIA was a moderately variable period,
featuring multiple shifts between wetter and drier conditions. A pronounced wet period occurred
during the Maunder minimum. After the LIA, the Lake Asososca record indicates a trend
towards drier conditions in the modern. These trends diverge from multiple other records in the
region, many of which suggested an emerging pattern of wet-MCA and dry-LIA conditions over
Central America (Metcalfe et al., 2015).
The Lake Asososca record indicates that modes of ocean-atmospheric variability in both
the Atlantic and Pacific Oceans have been an important factor of hydrologic changes in westCentral Nicaragua. El Niño like mean state conditions in the eastern equatorial Pacific were
marked by shifts towards drier conditions in the Lake Asososca record. Positive AMO phases,
indicating warmer North Atlantic SSTs, were generally associated with wetter conditions. A
period of positive NAO conditions, indicating a stronger pressure gradient across the North
Atlantic and stronger trade winds, corresponded to a period of drier conditions. These
relationships are potentially related to changes to the CLLJ due to shifts in the gradient of SSTs
between the tropical Atlantic and Pacific. The periods of correspondence between these modes
and the Lake Asososca record tend to occur during distinct intervals, suggesting that at different
times over the last millennium, different modes of ocean-atmosphere variability have been the
dominant driver of this record.
The Lake Asososca record covaries with reconstructions of solar variability, suggesting a
potential influence from stochastic shifts to periods of grand minima and maxima in solar
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radiation output. The linkages between changes in solar variability and hydroclimate and the
mechanisms in which it could drive precipitation changes is still an active area of research.
Climatic modelling studies suggest changes in AMOC could potentially be one of the
mechanisms for amplifying shifts in solar output to drive hydroclimate (Muthers et al., 2016).
Nevertheless, the high correspondence between solar variability in hydroclimate merits further
investigation.
Some regional proxy records, from Perdida Cave in Puerto Rico and the Cariaco Basin
off the Northern Coast of Venezuela, displayed similar timing and direction in precipitation
shifts. However, the Lake Asososca record diverges from multiple other regional proxy records
of precipitation, including Lago El Gancho in Nicaragua, suggesting the spatial variability of
hydroclimate shifts in Central America is not fully resolved and lack a coherent signal over the
past millennium. The lack of a regionally coherent hydroclimate signal over the Late Holocene
may be the result of many of these proxy records responding to localized controls rather than
large scale hydroclimate shifts. More research adding to the network of regional paleoclimate
reconstructions will be necessary to fully address the timing and magnitude of hydroclimate
variability in Central America over the Late Holocene. By adding to this network, we help future
modelling studies assess the timing and magnitude of future hydroclimate variability in this
drought sensitive region.
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